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The closed-loop gain must be 3.0 for oscillations to be sustained. For an inverting 
amplifier, the gain is that of a noninverting amplifier. 

/?, is composed of A? 3 (the source resistor) and i J , h . Substituting, 



A v = 



Rr 



+ 1 



R% + 4 

Rearranging and solving for R,, 

R t = (A v - \)(R 3 + r' lh ) = (3 - l)(1.0kfi + 500 fl) - 3.0 kil 

Related Problem ' What happens to the oscillations if the setting of R, is too high? What happens if the 
setting is too low? 



'Answers are a! the end of the chapter. 



B 



Open the Multisim file El 6-01 in the Examples folder on your CD-ROM. 
Determine the frequency of oscillation and compare with the calculated value. 



The Phase-Shift Oscillator 

Figure 16-13 shows a sinusoidal feedback oscillator called the phase-shift oscillator. Each 
of the three RC circuits in the feedback loop can provide a maximum phase shift approach- 
ing 90". Oscillation occurs at the frequency where the total phase shift through the three RC 
circuits is 1 80°. The inversion of the op-amp itself provides the additional 1 80° to meet the 
requirement for oscillation of a 360° (or C ) phase shift around the feedback loop. 



FIGURE 16-13 



Phase-shift oscillator. 




Equation 16-3 



Equation 16-4 



The attenuation, B, of the three-section RC feedback circuit is 

where B - /?,//?,-. The derivation of this unusual result is given in Appendix B. To meet the 
greater-than-unity loop gain requirement, the closed-loop voltage gain of the op-amp must be 
greater than 29 (set by R f and /?,). The frequency of oscillation (f r ) is also derived in Appendix 
B and is stated in the following equation, where R t = R ? = R 3 = R and C, = C 2 = C 3 = C. 



2ir 



Ve>RC 
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EXAMPLE 16-2 



(a) Determine the value of Rj necessary for the circuit in Figure 16—14 to operate as 
an oscillator. 

(b) Determine the frequency of oscillation. 



FIGURE 16-14 




C, 



-o >'„, 



0.001 (iP 0.001 fif 

iokn ^lokfi ^lokfi 



Solution (a) A w = 29, and B = 1/29 = RJR f . Therefore, 



0l 



-29 



R f = 29/?j = 29(10 kO) = 290 kft 

(b) R t =R 2 = /? 3 = R and C, = C 2 = C 3 = C. Therefore. 
I 1 



fr = 



2irV6RC 27r\/6(10ka)(0.001 /nF) 



s &5 kHz 



Related Problem (a) If R t ,R 7 , and/?, in Figure 16-14 are changed to 8.2 kfi, what value must R t be for 
oscillation? 



(b) What is the value of/? 



B 



Open the Multisim file El 6-02 in the Examples folder on your CD-ROM. Measure 
the frequency of oscillation and compare to the calculated value. 



Twin-T Oscillator 

Another type of RC feedback oscillator is called the twin-T because of the two T-type RC 
filters used in the feedback loop, as shown in Figure 16— 15(a). One of the twin-T filters has 
a low-pass response, and the other has a high-pass response. The combined parallel filters 
produce a band-stop or notch response with a center frequency equal to the desired fre- 
quency of oscillation,/., as shown in Figure 16— 15(b). 

Oscillation cannot occur at frequencies above or below/ because of the negative feed- 
back through the filters. At/ . however, there is negligible negative feedback; thus, the pos- 
itive feedback through the voltage divider (/?, and R 2 ) allows the circuit to oscillate. 
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Twin-T filter 
(a) Oscillator circuit 



FIGURE 16-15 




(b) Twin-T filter'?, frequency response curve 



Twin-T oscillator and twin-T filter response. 




SECTION 16-3 
1 REVIEW 



1. There are two feedback loops in the Wien-bridge oscillator. What is the purpose of 
each? 

2. A certain lead-lag circuit has R, = R 2 and C\ = C 2 . An input voltage of 5 V rms is 
applied. The input frequency equals the resonant frequency of the circuit. What is 
the rms output voltage? 

3. Why is the phase shift through the RC feedback circuit in a phase-shift oscillator 180"? 



16-4 OSCILLATORS WITH LC FEEDBACK CIRCUITS 



Although the RC feedback oscillators, particularly the Wien bridge, are generally 
suitable for frequencies up to about 1 MHz, LC feedback elements are normally used 
in oscillators that require higher frequencies of oscillation. Also, because of the 
frequency limitation (lower unity-gain frequency) of most op-ainps, discrete 
transistors (BJT or FET) are often used as the gain element in LC oscillators. This 
section introduces several types of resonant LC feedback oscillators: the Colpitts, 
Clapp, Hartley, Armstrong, and crystal-controlled oscillators. 

After completing this section, you should be able to 

■ Describe and analyze the basic operation of LC feedback oscillators 

■ Identify and analyze a Colpitts oscillator 

■ Identify and analyze a Clapp oscillator 

■ Identify and analyze a Hartley oscillator 

■ Identify and analyze an Armstrong oscillator 

■ Discuss the operation of crystal-controlled oscillators 
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The Colpitis Oscillator 

One basic type of resonant circuit feedback oscillator is the Colpitis, named after its inven- 
tor — as are most of the others we cover here. As shown in Figure 16-16, this type of oscil- 
lator uses an LC circuit in the feedback loop to provide the necessary phase shift and to act 
as a resonant filter that passes only the desired frequency of oscillation. 




FIGURE 16-16 



A basic Colpitb oscillator with a BJT 
as the gain element 



The approximate frequency of oscillation is the resonant frequency of the LC circuit and 
is established by the values of C lt C 2 , and L according to this familiar formula: 



fr^ 



Equation 16-5 



where C T is the total capacitance. Because the capacitors effectively appear in series around 
the tank circuit, the total capacitance (C T ) is 



C T = 



CrC. 



1^-2 



C, + C, 



Conditions for Oscillation and Ztart-Up The attenuation, B, of the resonant feedback 
circuit in the Colpitts oscillator is basically determined by the values of C, and C 2 - 

Figure 16-17 shows that the circulating tank current is through both C t and C 2 (they are 
effectively in series). The voltage developed across C 2 is the oscillator's output voltage 
( V,„„) and the voltage developed across C, is the feedback voltage (V f ), as indicated. The ex- 
pression for the attenuation (B) is 

Xa l/(2*/ f C,) 



B = 



• nut 



IX, 



ci 



IX, 



C2 



V(2TTf,C 2 ) 



Cancelling the 2irf, terms gives 



C, 
As you know, a condition for oscillation is A,,B = I. Since B = C 2 /C,, 

A -£ 



Equation 16-6 
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FIGURE 16-17 



The attenuation of the tank circuit is 
the output of the tank (V,) divided 
by the input to the tank (V oul ). 6 = 
V,l K* - CJC, . For AJB > 1, A, must 
be greater than C,IC Z . 




Oui 



/ M V 



c-, 



\'i 



-ov 



Equation 16-7 



where A, is the voltage gain of the amplifier, which is represented by the triangle in Figure 
16-17. With this condition met, A,B = (C { IC 2 ){CJC X ) = 1 . Actually, for the oscillator to be 
self-starting, A y B must be greater than 1 (that is, A y B > 1 ). Therefore, the voltage gain must 
be made slightly greater than C\/C^ 

<•>§ 

Loading of the Feedback Circuit Affects the Frequency of Oscillation As indicated in 
Figure 16-18, the input impedance of the amplifier acts as a load on the resonant feedback 
circuit and reduces the Q of the circuit. Recall from your study of resonance that the reso- 
nant frequency of a parallel resonant circuit depends on the Q, according to the following 
formula: 



/,= 



1 



Or 



Q 2 + 1 



As a rule of thumb, for a Q greater than 10, the frequency is approximately l/(27rVZ.C T ), 
as stated in Equation 16-5. When Q is less than 10, however,/ is reduced significantly. 



FIGURE 16-18 



Z,„ of the amplifier loads the 
feedback circuit and lowers its Q, 
thus lowering the resonant 
frequency. 




L 



C. C 



-oV. 
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A FET can be used in place of a BJT. as shown in Figure 16-19, to minimize the load- 
ing effect of the transistor's input impedance. Recall that FETs have much higher input 
impedances than do bipolar junction transistors. Also, when an external load is connected 
to the oscillator output, as shown in Figure 16— 20(a), f r may decrease, again because 
of a reduction in Q. This happens if the load resistance is too small. In some cases, one 
way to eliminate the effects of a load resistance is by transformer coupling, as indicated 
in Figure !6-20(b). 




FIGURE 16-19 



A basic FET Colpitts oscillator. 





FIGURE 16-20 



Oscillator loading. 



(a) A load capacilively coupled lo oscillator 
output can reduce circuit Q and/,. 



tb) Transformer coupling of load can reduce loading 
effect by impedance transformation. 



EXAMPLE 16-3 



(a) Determine the frequency for the oscillator in Figure 16-2 1 . Assume there is 
negligible loading on the feedback circuit and that its Q is greater than 10. 

(b) Find the frequency if the oscillator is loaded to a point where the Q drops to '< 
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FIGURE 16-21 




oV„ 



Solution {a) C T = 

fr = 
(b) f f = 



CfC 2 (0.1/*F)(0.01/iP) 



1 



0.1 1 /iF 

1 



- 0.0091 /iF 



2tt Vlc T 277V(50mH)(0.009lMF) 

1 



- 7.46 kHz 



Q 2 



= (7.46kHz)(0.9923) = 7.40 kHz 



Related Problem What frequency does the oscillator in Figure 16 2] produce if it is loaded to a point 
where (2 = 4? 



The Clapp Oscillator 

The Clapp oscillator is a variation of the Colpitis. The basic difference is an additional ca- 
pacitor, C 3 , in series with the inductor in the resonant feedback circuit, as shown in Figure 
16-22. Since C 3 is in series with C, and C 2 around the tank circuit, the total capacitance is 



C T = 



1 



1 1 1 
— + — H 

c, c 2 c 3 



and the approximate frequency of oscillation (Q > 10) is 

*— 7T 

If C, is much smaller than C, and C 2 , then C 3 almost entirely controls the resonant fre- 
quency {f r ~ l/(27r VlC,)). Since C, and C 2 are both connected to ground at one end, the 
junction capacitance of the transistor and other stray capacitances appear in parallel with C, 
and C, to ground, altering their effective values. C 3 is not affected, however, and thus pro- 
vides a more accurate arid stable frequency of oscillation. 
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FIGURE 16-22 



A basic Clapp oscillator. 



The Hartley Oscillator 

The Hartley oscillator is similar to the Colpitts except that the feedback circuit consists of 
two series inductors and a parallel capacitor as shown in Figure 16-23. 




I FIGURE 16-23 



A bask: Hartley oscillator. 



Amplifier 



Feedback 
circuit 



In this circuit, the frequency of oscillation for Q > 10 is 

if- ' 



IttVLtC 

where L^ = L, + L z . The inductors act in a role similar to C ( and C 2 in the Colpitts to de- 
termine the attenuation, B, of the feedback circuit. 

■ h 



B-± 
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To assure start-up of oscillation, A % must be greater than MB. 

U 
Equation 16-8 A,. > — 

Loading of the tank circuit has the same effect in the Hartley as in the Colpitis; that is, the 
Q is decreased and thus/,, decreases. 



Equation 16-9 



The Armstrong Oscillator 

This type of LC feedback oscillator uses transformer coupling to feed back a portion of the 
signal voltage, as shown in Figure 16-24. It is sometimes called a "tickler" oscillator in ref- 
erence to the transformer secondary or "tickler coil -1 that provides the feedback to keep the 
oscillation going. The Armstrong is less common than the Coipitts, Clapp, and Hartley, 
mainly because of the disadvantage of transformer size and cost. The frequency of oscilla- 
tion is set by the inductance of the primary winding (L pr ) in parallel with C,. 

t—TTT 



FIGURE 16-24 



A basic Armstrong oscillator. 




Crystal-Controlled Oscillators 

The most srable and accurate type of feedback oscillator uses a piezoelectric crystal in the 
feedback loop to control the frequency. 

The Piezoelectric Effect Quartz is one type of crystalline substance found in nature that 
exhibits a property called the piezoelectric effect. When a changing mechanical stress is 
applied across the crystal to cause it to vibrate, a voltage develops at the frequency of me- 
chanical vibration. Conversely, when an ac voltage is applied across the crystal, it vibrates 
at the frequency of the applied voltage. The greatest vibration occurs at the crystal's natu- 
ral resonant frequency, which is determined by the physical dimensions and by the way the 
crystal is cut. 

Crystals used in electronic applications typically consist of a quartz wafer mounted be- 
tween two electrodes and enclosed in a protective "can" as shown in Figure 16— 25(a) and 
(b). A schematic symbol for a crystal is shown in Figure 16-25(c), and an equivalent RLC 
circuit for the crystal appears in Figure I6-25(d). As you can see, the crystal's equivalent 
circuit is a series-parallel RLC circuit and can operate in either series resonance or parallel 
resonance. At the series resonant frequency, the inductive reactance is cancelled by the re- 
actance of C v The remaining series resistor, R s , detenrunes the impedance of the crystal. 
Parallel resonance occurs when the inductive reactance and the reactance of the parallel ca- 
pacitance, C„„ are equal. The parallel resonant frequency is usually at least 1 kHz higher 
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0! 



/ 



Quart/ wafer 



"M j T+ 



I XTAL 




(a) Typical packaged 
crystal 



(b) Basic construction 
(without case) 



(c ) Symbol 



id) Electrical equivalent 



FIGURE 16-25 



A quartz crystal. 



than the series resonant frequency. A great advantage of the crystal is that it exhibits a very 
high Q (Qs with values of several thousand are typical). 

An oscillator that uses a crystal as a series resonant lank circuit is shown in Figure 
16-26(a). The impedance of the crystal is minimum at the series resonant frequency, thus 
providing maximum feedback. The crystal tuning capacitor, C c , is used to ""fine tune" the 
oscillator frequency by "pulling" the resonant frequency of the crystal slightly up or down. 





FIGURE 16-26 



Basic crystal oscillators. 



<a) 



<b) 



A modified Colpitts configuration is shown in Figure l6-26(b) with a crystal acting as 
a parallel resonanl tank circuit. The impedance of the crystal is maximum at parallel reso- 
nance, thus developing the maximum voltage across the capacitors. The voltage across C, 
is fed back to the input. 

Modes of Oscillation in the Crystal Piezoelectric crystals can oscillate in either of two 
modes — fundamental or overtone. The fundamental frequency of a crystal is the lowest fre- 
quency at which it is naturally resonant. The fundamental frequency depends on the crystaTs 
mechanical dimensions, type of cut. and other factors, and is inversely proportional to the 
thickness of the crystal slab. Because a slab of crystal cannot be cut too thin without fractur- 
ing, there is an upper limit on the fundamental frequency. For most crystals, this upper limit 
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is less than 20 MHz. For higher frequencies, Ihe crystal must be operated in the overtone 
mode. Overtones are approximate integer multiples of the fundamental frequency. The over- 
tone frequencies are usually, but not always, odd multiples (3, 5, 7, ... ) of the fundamental. 



[SECTION 16-4 
REVIEW 



1. What is the basic difference between the Colpitts and the Hartley oscillators? 

2. What is the advantage of a FET amplifier in a Colpitts or Hartley oscillator? 

3. How can you distinguish a Colpitts oscillator from a Clapp oscillator? 



16-5 RELAXATION OSCILLATORS 



The second major category of oscillators is the relaxation oscillator. Relaxation 
oscillators use an RC liming circuit and a device that changes states to generate a 
periodic waveform. In this section, you will learn about several circuits that are used to 
produce nonsinvisoidal waveforms. 

After completing this section, you should be able to 

■ Describe and analyze the basic operation of relaxation oscillators 

■ Discuss the operation of basic triangular-wave oscillators 

■ Discuss the operation of a voltage-controlled oscillator (VCO) 

■ Discuss the operation of a square-wave relaxation oscillator 



A Triangular-Wave Oscillator 

The op-amp integrator covered in Chapter 1 3 can be used as the basis for a triangular wave 
oscillator. The basic idea is illustrated in Figure 16— 27(a) where a dual-polarity, switched 
input is used. We use the switch only to introduce the concept; it is not a practical way to 
implement this circuit. When the switch is in position 1. the negative voltage is applied, and 
the output is a positive-going ramp. When the switch is thrown into position 2, a negative- 
going ramp is produced. If the switch is thrown back and forth at fixed intervals, the output 
is a triangular wave consisting of alternating positive-going and negative-going ramps, as 
shown in Figure l6-27(b). 




o v„ ur 



position 
2 



position 
1 



position 
2 



position 
I 



(a) 



(b) Ouipul voltage as the switch is thrown back and forth at regular intervals 



FIGURE 16-27 

Basic triangular-wave oscillator. 
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A Practical Triangular-Wave Oscillator One practical implementation of a triangular- 
wave oscillator utilizes an op-amp comparator to perform the switching function, as shown 
in Figure 16-28. The operation is as follows. To begin, assume that the output voltage of 
the comparator is at its maximum negative level. This output is connected to the inverting 
input of the integrator through R ,, producing a positive-going ramp on the output of the in- 
tegrator. When the ramp voltage reaches the upper trigger point (UTP), the comparator 
switches to its maximum positive level. This positive level causes the integrator ramp to 
change to a negative-going direction. The ramp continues in this direction until the lower 
trigger point (LTP) of the comparator is reached. At this point, the comparator output 
switches back to the maximum negative, level and the cycle repeats. This action is illustrated 
in Figure 16-29. 




FIGURE 16-28 



A triangular-wave oscillator using 
two op-amps. 



+V„ 



-v» 



Comparalor 
output 



"ur? 




FIGURE 16-29 



Waveforms for the circuit in Figure 
16-28. 



Since the comparator produces a square- wave output, the circuit in Figure 16-28 can be 
used as both a ti iangular-wave oscillator and a square-wave oscillator. Devices of this type 
are commonly known injunction generators; because they produce more than one output 
function. The output amplitude of the square wave is set by the output swing of the com- 
parator, and the resistors R 2 and R, set the amplitude of the triangular output by establish- 
ing the UTP and LTP voltages according to the following formulas: 



,(~ 



V IT p = -V„„J -* 



A' 



where the comparator output levels, + V,,,,,,. and V iml% , are equal. The frequency of both 
waveforms depends on the R,C time constant as well as the amplitude-setting resistors, R, 
and R 3 . By varying /?,, the frequency of oscillation can be adjusted without changing the 
output amplitude. 



fr = 



1 

4R.C 



Equation 16-10 
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EXAMPLE 16-4 



Determine the frequency of oscillation of the circuit in Figure 1 6-30. To what value 
must R, be changed to make the frequency 20 kHz? 



FIGURE 16-30 



Solution 




f,= 



I ( R 



4R,C\R 3 
To make /= 20 kHz, 



in i .'» 



1 



R ' = ¥c{r 2 3 )- 



33k£2 



4(10kn)(O.OlMF)/\10kI2 



1 W 33kfl 

4(20 kHz)(O01 /xF) ) \ 10 kii 



= 8.25 kUx 



4.13 kii 



Related Problem What is the amplitude of the trianguhir wave in Figure 16-30 if the comparator output 
is±10V? 



A Sawtooth Voltage-Controlled Oscillator (VCO) 

IT^Z-r The voltage-controlled oscillator (VCO) is a relaxation oscillator whose frequency can be 
changed by a variable dc control voltage. VCOs can be either sinusoidal or nonsinusoidal. 
One way to build a sawtooth VCO is with an op-amp integrator that uses a switching de- 
vice (PUT) in parallel with the feedback capacitor to terminate each ramp at a prescribed 
level and effectively "reset" the circuit. Figure 16-31(a) shows the implementation. 

As you learned in Chapter 1 1, the PUT is a programmable unijunction transistor with an 
anode, a cathode, and a gate terminal. The gate is always biased positively with respect to the 
cathode. When the anode voltage exceeds the gate voltage by approximately 0.7 V. the PUT 
turns on and acts as a forward-biased diode. When the anode voltage falls below this level, 
the PUT turns off. Also, Ihe current must be above the holding value to maintain conduction. 

The operation of the sawtooth VCO begins when the negative dc input voltage, — Vin, pro- 
duces a positive-going ramp on the output. During the time that the ramp is increasing, the cir- 
cuit acts as a regular integrator. The PUT triggers on when the output ramp (at the anode) 
exceeds the gate voltage by 0.7 V The gate is set to the approximate desired sawtooth peak volt- 
age. When the PUT turns on, the capacitor rapidly discharges, as shown in Figure 16-3 1(b). 
The capacitor does not discharge completely to zero because of the PUT's forward voltage, V F . 
Discharge continues until the PUT current falls below the holding value. At this point, the PUT 
turns off and the capacitor begins to charge again, thus generating a new output ramp. The cy- 
cle continually repeats, and the resulting output is a repetitive sawtooth waveform, as shown. 
The sawtooth amplitude and period can be adjusted by varying the PUT gate voltage. 

The frequency of oscillation is determined by the R t C time constant of the integrator and 
the peak voltage set by the PUT. Recall that the charging rate of a capacitor is V it JR,C. The 
time it lakes a capacitor to charge from V F to V p is the period, T. of the sawtooth waveform 
(neglecting the rapid discharge time). 



T = 



m/RiC 
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FIGURE 16-31 



JgJ 



off 
C 
11 + 






t r 



(a) Initially, the capacitor charges, the output ramp begins, 
and the PUT is off. 



Sawtooth VCO operation. 



V m — 




_ _ Rapid discharge 



(b) The capacitor rapidly discharges when the PUT momentarily turns on. 



From/= ITT, 

f= \M( 



R,C\V P - V F 



Equation 16-11 




FIGURE 16-32 



(a) Find the amplitude and frequency of the sawtooth output in Figure 1 6-32. Assume 
thai the forward PUT voltage, V K . is approximately 1 V. 

(b) Sketch the output waveform. 



1-15 v 



-15 V 
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Solution (a) First, find the gate voltage in order to establish the approximate voltage at which 
the PUT turns on. 

G ft, + R 4 v ; 20 kfi v ' 

This voltage sets the approximate maximum peak value of the sawtooth output 
(neglecting the 0.7 V). 

V p = 1.5\ 

The minimum peak value (low point) is 

V F =1 V 

So the peak-to-peak amplitude is 

V m = V y ~ V F = 7.5 V - 1 V = 6.5 V 

The frequency is determined as follows: 

"» = ^<->=£S<-v )-.«v 



f= \M 



1.92 V 



R,C\V -V F J \(100kn)(0.0047/xF)/\7.5V IV 



= 628 Hz 



(b) The output waveform is shown in Figure 16-33, where the period is determined as 
follows: 

T l l 



FIGURE 16-33 



Output of the circuit in Figure 
16-32. 



7.5 V 




Related Problem If fl, is changed to 56 k£2 in Figure 16-32. what is the frequency? 



A Square-Wave Oscillator 

The basic square-wave oscillator shown in Figure 16-34 is a type of relaxation oscillator 
because its operation is based on the charging and discharging of a capacitor. Notice that 
the op-amp's inverting input is the capacitor voltage and the noninverting input is a portion 
of the output fed back through resistors /? 2 and /?,. When the circuit is first turned on, the 
capacitor is uncharged, and thus the inverting input is at V. This makes the output a posi- 
tive maximum, and the capacitor begins to charge toward V ml through /?,. When the capac- 
itor voltage (V r ) reaches a value equal to the feedback voltage (Vj) on the noninverting 
input, the op-amp switches to the maximum negative state. At this point, the capacitor be- 
gins to discharge from + V y toward - V f . When the capacitor voltage reaches - V,, the op- 
amp switches back to the maximum positive state. This action continues to repeat, as shown 
in Figure 16-35, and a square-wave output voltage is obtained. 
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FIGURE 16-34 



A square-wave relaxation oscillator. 




FIGURE 16-35 



Waveforms for the square-wave 
relaxation oscillator. 



SECTION 16-5 
REVIEW 



1. What is a VCO, and basically, what does it do? 

2. Upon what principle does a relaxation oscillator operate? 



16-6 THE 555 TIMER AS AN OSCILLATOR 



The 555 timer is a versatile integrated circuit wilh many applications. In this section, 
you will see how the 555 is configured as an astable or free-running multivibrator, 
which is essentially a square-wave oscillator. The use of the 555 timer as a voltage- 
controlled oscillator (VCO) is also discussed. 

After completing this section, you should be able to 

■ Use a 555 timer in an oscillator application 

■ Explain what the 555 timer is 

■ Discuss astable operation of the 555 timer 

■ Explain how to use the 555 timer as a VCO 



The 555 timer consists basically of two comparators, a flip-flop, a discharge transistor, 
and a resistive voltage divider, as shown in Figure 16-36. The flip-Hop (bistable multivi- 
brator) is a digital device that may be unfamiliar to you at this point unless you already have 
taken a digital fundamentals course. Briefly, it is a two-state device whose output can be at 
either a high voltage level (set, 5) or a low voltage level (reset, /?). The state of the output 
can be changed with proper input signals. 
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FIGURE 16-36 



Internal diagram of a bbb integrated 
circuit timer. (IC pin numbers are in 
parentheses.) 



Threshold O 




O ( lulpul 



I'nuinjrO- 



Discharge O 



The resistive voltage divider is used to set the voltage comparator levels. All three resis- 
tors are of equal value: therefore, ihe upper comparator has a reference of 'AV CC , and the 
lower comparator has a reference of V- V cc . The comparators' outputs control the state of the 
flip-flop. When the trigger voltage goes below V-V cc , the flip-flop sets and the output jumps 
to its high level. The threshold input is normally connected to an external RC timing circuit. 
When the external capacitor voltage exceeds Y<V CC , the upper comparator resets llie flip-flop, 
which in turn switches the output back to its low level. When the device output is low, the 
discharge transistor (Q,,) is turned on and provides a path for rapid discharge of the external 
timing capacitor. This basic operation allows the timer to be configured with external com- 
ponents as an oscillator, a one-shot, or a time-delay element. 



Astable Operation 

A 555 timer connected to operate in the astable mode as a free-running relaxation oscillator 
(astable multivibrator) is shown in Figure 16-37. Notice that the threshold input (THRESH) 
is now connected to the trigger input (TRIG). The external components R,, R 2 , and C, „ form 
the timing circuit that sets the frequency of oscillation. The 0.01 /iF capacitor connected to 
the control (CONT) input is strictly for decoupling and has no effect on the operation. 

Initially, when the power is turned on. the capacitor C, „ is uncharged and thus the trig- 
ger voltage (pin 2) is at V. This causes the output of the lower comparator to be high and 
the output of the upper comparator to be low, forcing the output of the flip-flop, and thus 
the base of Q d , low and keeping the transistor off. Now, C m begins charging through /?, and 
A? 2 as indicated in Figure 16-38. When the capacitor voltage reaches KVoo the lower com- 
parator switches to its low output state, and when the capacitor voltage reaches YM^., the 
upper comparator switches to its high output state. This resets the flip-flop, causes the base 
of Q d to go high, and turns on the transistor. This sequence creates a discharge path for the 
capacitor through R 2 and the transistor, as indicated. The capacitor now begins to discharge, 
causing the upper comparator to go low. At the point where the capacitor discharges down 
to 'AV CC , the lower comparator switches high, setting the flip-flop, which makes the base of 
Q rf low and turns off the transistor. Another charging cycle begins, and the entire process 
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FIGURE 16-37 



The 555 timer connected as an 

^stable multivibrator. 
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FIGURE 16-38 



Operation of the 555 timer in the astable mode. 

repeats. The result is a rectangular wave output whose duty cycle depends on the values of 
/?, and R 2 . The frequency of oscillation is given by Equation 16-12, or it can be found us- 
ing the graph in Figure 1 6-39. 



fr = 



1.4-1 



(/?, + 2R 2 )C ei 



Equation 16-12 
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FIGURE 16-39 



Frequency of oscillation (free- 
running frequency) of a 555 timer in 
the astable mode as a function of 
C ea and ft, + 2R ? . The sloped lines 
are values of ft, +- 2R Z . 



3. 



if 



100 



0.001 




0.01 



1.0 10 100 1.0k 10k 

f, free-running frequency (Hz) 



1 00k 



Equation 16-T3 



By selecting ft, and R 2 . the duly cycle of the output can be adjusted. Since C e „ charges 
through R t + R 2 and discharges only through R 2 , duty cycles approaching a minimum of 
50 percent can be achieved if R 2 > > R, so that the charging and discharging times are ap- 
proximately equal. 

A formula to calculate the duty cycle is developed as follows. The lime that the output 
is high (r H ) is how long it takes C„, to charge from l /tV cc to YiV cc . It is expressed as 

t„ = 0.694(/?, + R 2 )C eu 

The time that the output is low (/ L ) is how long it takes C,,„ to discharge from 3$V"cc to '/.< V cc . 
It is expressed as 

t L = 0.694R 2 C eM 

The period, T, of the output waveform is the sum of t H and f L . The following formula for T 
is ihe reciprocal of/ in Equation 16-12. 

T = 'h + 'l = 0.694(ft, + 2R 2 )C fM 

Finally, the percent duty cycle is 



Duty cycle 



-GO 



100% - 



<u 



■tj 



100% 



Duty cycle = 



R, +■ 2R 2 



l00 f ; 



To achieve duty cycles of less than 50 percent, the circuit in Figure 1 6-37 can be mod- 
ified so that Q v , charges through only /?, and discharges through R 2 . This is achieved with 
a diode, £>,, placed as shown in Figure 16^10. The duty cycle can be made less than 50 
percent by making R, less than R 2 . Under this condition, the formula for the percent duty 
cycle is 



Equation 16-14 



Duty cycle = 



K, 



R, + R, 



100', 
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FIGURE 16-40 



The addition of diode £5, allows the 
duty cycle of the output to be 
adjusted to less than 50 percent by 
making R^ < Rj. 



EXAMPLE 16-6 



A 555 timer configured lo run in Ihe astable mode (oscillator) is shown in Figure 
16-41 . Determine the frequency of the output and the duty cycle. 



fIGURE 16-41 
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Solution 



fr = 



1.44 



1.44 



(R, I 2R 2 )C M (2.2 kii + 9.4kft)0.022/iF 



5.64 kHz 



/ R, + /?, \ / 2. 



2.2 kfl + 4.7 kfi , , 

— — — — — - 100% = SftSfl 
2 kii + 9.4 kii 



Related Problem Determine Ihe duty cycle in Figure 1 64 1 if a diode is connected across R 2 as 
indicated in Figure 1 6-40. 
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Operation as a Voltage-Controlled Oscillator (VCO) 

A 555 timer can be set up to operate as a VCO by using the same external connections as 
for astable operation, with the exception that a variable control voltage is applied to the 
CONT input (pin 5), as indicated in Figure 16-42. 



FIGURE 16-42 



The 555 timer connected as a 
voltage-controlled oscillator (VCO). 
Note the variable control voltage 
input on pin 5. 













+Vcc 
o 




(4) 
> jFfi o 


(8) 




RESET 


t'cc 




(7) 


DISCH 










C s > 


(6) 


555 
THRESH 


OUT 


(3) c 










(2) 


TRIG 


CONT 


(5) 






j=e„ 


GND 








(1) 























Oiiipuc frequency 
o varies inversely with 



+ Control 
olcage (Vomer) 



As shown in Figure 16^43, the control voltage (V CONT ) changes the threshold values of 
MV CC and MV CC for the internal comparators. With the control voltage, the upper value is 
V CONT and the lower value is ^ V CONT , as you can see by examining the internal diagram of 
the 555 timer. When the control voltage is varied, the output frequency also varies. An in- 
crease in Vqdnt increases the charging and discharging time of the external capacitor and 
causes the frequency to decrease. A decrease in Vcont decreases the charging and dis- 
charging time of the capacitor and causes the frequency to increase. 



FIGURE 16-43 



The VCO output frequency varies 
inversely with V C owt because the 
charging and discharging time of C t „ 
is directly dependent on the control 
voltage. 




An interesting application of the VCO is in phase-locked loops, which are used in vari- 
ous types of communication receivers to track variations in the frequency of incoming sig- 
nals. You will learn about the basic operation of a phase-locked loop in Section 1 7-8. 



SECTION 16-6 
REVIEW 



1. Name the iwe basic element in a 555 timer IC. 

2. When the 555 timer is configured as an astable multivibrator, how is the duty cycle 
determined? 
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This system application focuses on a 
function generator, an instrument that 
produces sinusoidal waveforms, square 
waveforms, and triangular waveforms for 
use in testing circuits in the laboratory. 



Basic Operation of the System 
The function generator is an electronic 
system that produces either a sinusoidal 
waveform, a square waveform, or a trian- 
gular waveform depending on the 
function selected by the front panel 
switches, as shown in Figure 16-44. The 
frequency of the selected output 
waveform can be varied from less than 
1 Hz to greater than 80 kHz by using the 
frequency range switches and the 
frequency dial. The amplitude of the 
output waveform can be adjusted up to 
approximately I 1 V with the front panel 
amplitude control. Also, any dc offset can 
be nulled out with the front panel dc 
offset control. 

The block diagram of the function 
generator is shown in Figure 16-45. 



The concept of this particular design U 
simple. The oscillator produces a sinu- 
soidal output voltage that drives a 
zero-level detector (comparator), 
which produces a square wave of the 
same frequency as the oscillator 
output. The output of the level 
detector goes to an integrator, which 
produces a triangular output voltage 
also with a frequency equal to the 
oscillator output. The type of output 
waveform is selected by the function 
switches on the front panel. The 
frequency is set by the front panel 
range switches and the frequency dial, 
and amplitude is set by the front panel 
control knob. 

Trie schematic of the function 
generator is shown in Figure 1 6-46, where 
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FIGURE 16-44 



Front panel of the function generator. 
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FIGURE 16-45 



Block diagram of the function generator 
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the portions in blue are the front panel 
components. The frequency of the sinu- 
soidal oscillator is controlled by the 
selection of any two often capacitors (C| 
through C, ) in the oscillator feedback 
circuit These capacitors produce the five 
frequency ranges indicated on the front 

panel switches, which are multiplication 
factors for the setting of the frequency 



dial. The adjustment of the frequency 
within each range is accomplished by 
varying resistors fi 8 and Rg in the feedback 
circuit of the oscillator. 

The integrator time constant is 
adjusted in step with the frequency by 
selection of the appropriate capacitor (C, t 
through Cis) and adjustment of resistor 
Ri . Resistors R 8/ R 9 , and R lu are poten- 



tiometers that are ganged together so that 
they change resistance together as the 
frequency dial is turned. For example, if 
the X 1 k switch ii selected and the 
frequency dial is set at 5, then the 
resulting output frequency fcr any of the 
three types of waveforms is 1 kHz x 5 = 
5 kHz. 



i\ « H i 

12V 12V 

-Wv t 




oOmpiii 



Amplitude 



FIGURE 16-46 



Schematic of the function generator. 
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The Function Generator Circuit Boards 

■ Make sure that the circuit boards shown 
in Figure 16-47 are correct by checking 
them against the schematic in Figure 
16-46. Backside interconnections are 
shown as darker traces. 

■ Label a copy of the board with 
component and input/ output 
designations in agreement with the 
schematic. 

■ Develop a board-to-board wire list 
specifying which terminals on the two 
boards connect together and which 
terminals connect to front panel 
components. 

The Function Generator Circuit 

■ Determine the maximum frequency of 
the Oscillator for each range Switch (xl. 



xlO, xlOO, xlk, and xlOk). Only one 
set of three switches corresponding to a 
given range setting can be closed at a 
time. There is a set of ganged switches 
for xl, a set of ganged switches for xlO, 
and so on. 

■ Determine the minimum frequency of 
the oscillator for each range switch. 

■ Determine the approximate maximum 
peak-to-peak output voltages for each 
function. The dc supply voltages are 

+ 15Vand-15V. 

Test Procedure 

Develop a basic procedure for thoroughly 
testing the function generator. 

Troubleshooting 

Based on the results indicated in Figure 
1 6—48 for four faulty function generator 



units, determine the most likely fault or 
faults in each case. 

Final Report (Optional) 

Submit a final written report on the 
channel filter boards using an organized 
format that includes the following: 

1. A physical description of the circuit 

2. A discussion of the operation of the 
circuit. 

3. A list of the specifications. 

4. A list of parts with part numbers if 
available. 

5. A list of the types of problems in the 
four faulty units. 





Board A 



17 

Board B 



FIGURE 16-47 



The function generator circuit boards. 
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FIGURE 16-48 



Results of tests on four faulty units. The scope screen shows the output voltage in each case. 
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CHAPTER SUMMARY 



Sinusoidal oscillators operate with positive feedback. 

The two conditions for positive feedback arc the phase shift around the feedback loop must be 

0° and the voltage gain around the feedback loop must equal I . 

For initial start-up, the voltage gain around the feedback loop must be greater than I . 

Sinusoidal RC oscillators include the Wien- bridge, phase-shift, and twin-T. 

Sinusoidal LC oscillators include the Colpitts. Clapp. Hartley, Armstrong, and crystal-controlled. 

The feedback signal in a Colpitts oscillator is derived from a capacitive voltage divider in the LC 

circuit. 

The Clapp oscillator is a variation of the Colpitts with a capacitor added in series with the 
inductor. 

The feedback signal in a Hartley oscillator is derived from an inductive voltage divider in the LC 
circuit. 

The feedback signal in an Armstrong oscillator is derived by transformer coupling. 
Crystal oscillators are the most stable type. 

A relaxation oscillator uses an RC timing circuit and a device that changes states to generate a 
periodic waveform. 

The frequency in a voltage-controlled oscillator (VCO) can be varied with a dc control voltage. 

The 555 tinier is an integrated circuit that can be used as an oscillator, in addition to many other 
applications. 



KEY TERMS 



Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Astable Characterized by having no stable states. 

Feedback oscillator An electronic circuit that operates with positive feedback and produces a time- 
varying output signal without an external input signal. 

Positive feedback The return of a portion of the output signal to the input such that it reinforces and 
sustains the output. 

Relaxation oscillator An electronic circuit that uses an RC timing circuit to generate a nonsinusoidal 
waveform without an external input signal. 

Voltage-controlled oscillator (VCO) A type of relaxation oscillator whose frequency can be varied 
by a dc control voltage. 



KEY FORMULAS 



16-1 

16-2 
16-3 
16-4 
16-5 



L = 



3 
1 



2ttRC 



B = 29 



fr = 



2irV6RC 

1 

2wVLC r 



Wien-bridge positive feedback 
attenuation 

Wien-bridge resonant frequency 

Phase-shift feedback attenuation 

Phase-shift oscillator frequency 

Colpitts. Clapp. and Hartley approximate 
resonant frequency 



16-6 



A -t 



Colpitts amplifier gain 



808 ■ OSCILLATORS 



16-7 
16-8 
16-9 

16-10 
16-11 
16-12 
16-13 
16-14 



fr = 

A,.> 

fr = 



1 



Q 1 



277\/LC T \ Q 2 + 1 

l 



InVEjCt 






/= — 



1 



/,= 



1.44 
(*, + 2R 2 )Q rt 



Duty cycle = (^-—^-|] 



Duty cycle = I „ "* |100% 
, R, + R 2l 



Colpitis resonant frequency 
Hartley self-starting gain 
Armstrong resonant frequency 

Triangular-wave oscillator frequency 

Sawtooth VCO frequency 

555 astable frequency 

555 astable 

555 astable (duty cycle < 50%) 



CIRCUIT-ACTION QUIZ 



Answers are at the end of the chapter. 



1. If R, and R 2 are increased to 18 k£2 in Figure 16-12. the frequency of oscillation will 
(a) increase (b) decrease (c) not change 

2. If the feedback potentiometer R t is adjusted to a higher value, the voltage gain in Figure 
16-12 will 

(a) increase (b) decrease (c) not change 

3. In Figure 16-14, if the R, is decreased, the feedback attenuation will 
(a) increase (b) decrease (c) not change 

4. If the capacitors in Figure 16-14 are increased to 0.01 /xF, the frequency of oscillation will 
(a) increase (b) decrease (c) not change 

5. In order to increase Vn-rp in Figure 16-30, R s must 
(a) increase (b) decrease (c) not change 

6. If the capacitor in Figure 16-30 opens, the frequency of oscillation will 
(a) increase (b) decrease (c) not change 

7. If the value of A?, in Figure 16-32 is decreased, the peak value of the sawtooth output will 
(a.) increase (b) decrease (c) not change 

8. If the diode in Figure 1 6-40 opens, the dut y cycle will 
(a) increase (b) decrease (c) not change 



SELF-TEST 



Answers are at the end of the chapter. 



1. An oscillator differs from an amplifier because 

(a) it has more gain (b) it requires no input signal 

(c) it requires no dc supply (d) it always has the same output 

2. Wien-bridge oscillators are based on 

(a) positive feedback (b) negative feedback 

(c) the piezoelectric effect (d) high gain 
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3. Ore condition for oscillation is 

(a) a phase shift around the feedback loop of 180° 

(b) a gain around the feedback loop of one-third 

(c) a phase shift around the feedback loop of 0° 

(d) a gain around the feedback loop of less than I 

4. A second condition for oscillation is 

(a) no gain around the feedback loop 

(b) a gain of 1 around the feedback loop 

(c) the attenuation of the feedback circuit must be one-third 

(d ) the feedback circuit must be capacitive 

5. In a certain oscillator, A y — 50. The attenuation of the feedback circuit must be 
(a) I (b) 0.01 (c) 10 (d) 0.02 

6. For an oscillator to properly start, the gain around the feedback loop must initially be 
(a) I (b) less than 1 (c) greater than I (d) equal to B 

7. In a Wien-bridge oscillator, if the resistances in the positive feedback circuit are decreased, the 
frequency 

(a) decreases (b) increases (c) remains the same 

8. The Wien-bridge oscillators positive feedback circuit is 

(a) an RL circuit (b) an LC circuit (c) a voltage divider (d) a lead-lag circuit 

9. A phase-shift oscillator has 

(a) three RC circuits (b) three LC circuits (c) a T-type circuit (d) a w-type circuit 

10. Colpitis, Clapp, and Hartley are names that refer to 

(a) types of RC oscillators (b) inventors of Ihe transistor 
(c) types of LC oscillators (d) types of filters 

1 1. Aii oscillator whose frequency is changed by a variable dc voltage is known as 
(a) a crystal oscillator (b) a VCO 

(c) an Armstrong oscillator (d) a piezoelectric device 

12. The main feature of a crystal oscillator is 

(a) economy (b) reliability (c) stability (d) high frequency 
13- The operation of a relaxation oscillator is based on 

(a) the charging and discharging of a capacitor 

(b) a highly selective resonant circuit 

(c) a very stable supply voltage 

(d) low power consumption 

14. Which one of the following is not an input or output of the 555 timer? 
(a) Threshold (b) Control voltage (c) Clock 
(d) Trigger (e) Discharge (fj Reset 



PROBLEMS 



SECTION 16-1 



SECTION 1 6-2 



Answers to odd-numbered problems are at the end of the book. 



BASIC PROBLEMS 
The Oscillator 

1. What type of input is required for an oscillator? 

2. What are the basic components ot an oscillator circuit'.' 

Feedback Oscillator Principles 

3. If the voltage gain of the amplifier portion of an oscillator is 75, what must be the attenuation 



of the feedback circuit to sustain the oscillation? 
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4. Generally describe the change required in the oscillator of Problem 3 in order for oscillation to 
begin when the power is initially turned on. 



SECTION 16-3 



Oscillators with RC Feedback Circuits 

5. A certain lead-lag circuit has a resonant frequency of 3.5 kHz. What is the rms output 
voltage if an input signal with a frequency equal to/, and with an rms value of 2.2 V is 
applied to the input? 

6. Calculate the resonant frequency of a lead- lag circuit with the following values: /?,=/?,= 
6.2 kii, and C, = C 2 = 0.02 /xF. 

7. Determine the necessary value of K-. in Figure 16-49 so that the circuit will oscillate. Neglect 
the forward resistance of the zener diodes. (Hint: The total gain of the circuit must be 3 when 
the zener diodes are conducting.) 

8. Explain the purpose of R 3 in Figure 16-49. 



FIGURE 16-49 



D, D, 



ion kn 




0.015 /tF 



9. For the Wien-bridge oscillator in Figure 1 6-50. calculate the setting for R J: assuming the 
internal drain-source resistance, r',,. of the JFET is 350 £1 when oscillations are stable. 

10. Find the frequency of oscillation for the Wien-bridge oscillator in Figure 1 6-50. 



FIGURE 16-50 



Mulb'sim file circuits are identified 
with a CD logo and are in the 
Problems folder on your CD-ROM. 
Filenames correspond to figure 
numbers (e.g., F1 6-50). 
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a 



P> FIGURE 16-51 




0.022 fif | 0.022 //Fj 0.022 /if 
4.7 kfl ^4.7 kn 



1 1. What value of #, is required in Figure 16-5 1 ? What is/.? 

SECTI ON 1 6-4 Oscillators with LC Feedback Circuits 

12. Calculate the frequency of oscillation for each circuit in Figure 16-52 and identify the type of 
oscillator. Assume Q > 10 in each case. 



FIGURE 16-52 
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13. Determine what the gain of the amplifier stage must be in Figure 16-53 in order to have 
sustained oscillation. 



FIGURE 16-53 
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SECTION 16-5 Relaxation Oscillators 

14. What type of signal does the circuit in Figure 16-54 produce? Determine the frequency of the 
output. 

15. Show how to change the frequency of oscillation in Figure 16—54 to 10 kHz. 

16. Determine the amplitude and frequency of (he output voltage in Figure 16-55. Use I V as the 
forward PUT voltage. 



FIGURE 16-54 
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SECTION 16-6 



17. Modify' the sawtooth generator in Figure 16-55 so that its peak-to-peak output is 4 V. 

18. A certain sawtooth generator has I lie following parameter values: V| N = 3 V. R — 4.7 kii. 
C = 0.001 fj.F. Determine its peak-to-peak output voltage if the period is lOyxs. 

The 555 Timer as an Oscillator 

19. What are the two comparator reference voltages in a 555 timer when V,-,- = 10 V? 

20. Determine the frequency of oscillation for the 555 aslable oscillator in Figure 16-56. 

21. To what value must C„, be changed in Figure 16-56 to achieve a frequency of 25 kHz? 

22. In an astable 555 configuration, the external resistor R t = 3.3 kil What must Ji, equal to 
pioduct a duly cycle of 75 percent? 
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FIGURE 16-56 
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MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in the Troubleshooting Problems folder on your CD-ROM. 

23. Open file TSP1(k23 and determine the fault. 

24. Open file TSPI6-24 and determine the fault. 

25. Open file TSP16-25 and determine the fault. 

26. Open file TSPI6-26 and determine the fault. 

27. Open file TSP16-27 and determine the fault. 

28. Open file TSPI6-28 and determine the fault. 



ANSWERS 



SECTION 16-1 



SECTION REVIEWS 

The Oscillator 

1. An oscillator is a circuit that produces a repetitive output waveform with only the dc supply 
voltage as an input. 

2. Positive feedback 

3. The feedback circuit provides attenuation and phase shift. 

4. Feedback and relaxation 



SECTION 16-2 



Feedback Oscillator Principles 

1. Zero phase shift and unity voltage gain around the closed feedback 

2. Positive feedback is when a portion of the output signal is fed back to the input of the 
amplifier such that it reinforces itself. 

3. Loop gain greater than 1 
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SECTION 16-3 Oscillators with RC Feedback Circuits 

1. The negative feedback loop sets the closed-loop gain: the positive feedback loop sets the 
frequency of oscillation. 

2. 1.67 V 

3. The three RC circuits contribute a total of 180", and the inverting amplifier contributes 1 80° 
for a total of 360" around the loop. 

SECTION 1 6-4 Oscillators with LC Feedback Circuits 

1. Colpitis uses a capacitive voltage divider in the feedback circuit: Hartley uses an inductive 
voltage divider. 

2. The higher FET input impedance has less loading effect on the resonant feedback circuit. 

3. A Clapp has an additional capacitor in series with the inductor in the feedback circuit. 

SECTION 16-5 Relaxation Oscillators 

1. A voltage-controlled oscillator exhibits a frequency that can be varied with a dc control 
voltage. 

2. The basis of a relaxation oscillator is the charging and discharging of a capacitor. 

SECTION 1 6-6 The 555 Timer as an Oscillator 

1. Two comparators, a flip-flop, a discharge transistor, and a resistive voltage divider 

2. The duty cycle is set by the external resistors. 

RELATED PROBLEMS FOR EXAMPLES 

16-1 Instability may occur in either case. 

16-2 (a)238k<2 (b) 7.92 kHz 

16-3 7.24 kHz 

16-4 6.06 V peak-to-peak 

16-5 1122 Hz 

16-6 31-9% 

CIRCUIT-ACTION QUIZ 

l.(b) 2, (a) 3. (a) 4.(b) 5. (a) 6. (b) 7. (c) 8. (a) 

SELF-TEST 

l.(bj 2. (a) 3.(c) 4.(b) 5.(d) 6. v c) 7. (b) 
8.(d) 9. (a) 10. (c) 11. (b) 12. (c) 13. (a) 14. (c) 
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INTRODUCTION 



Communications electronics encompasses a wide range of 
systems, including both analog and digital. Any system that 
sends information from one point to another over relatively 
long distances can be classified as a communications system. 
Some of the categories of communications systems are radio 
(broadcast, ham, CB, marine), television, telephony, radar, 
navigation, satellite, data (digital), and telemetry. 

Many communications systems use either amplitude 
modulation (AM) or frequency modulation (FM) to send 
information. Other modulation methods include pulse 
modulation, phase modulation, and frequency shift keying 
(FSK) as well as more specialized techniques. By necessity, the 
scope of this chapter is limited and is intended to introduce 
you to basic AM and FM communications systems and circuits. 



CHAPTER OUTLINE 



17—1 Basic Receivers 

1 7—2 The Linear Multiplier 

1 7-3 Amplitude Modulation 

1 7-4 The Mixer 

1 7-5 AM Demodulation 

1 7—6 IF and Audio Amplifiers 

17—7 Frequency Modulation 

1 7-8 The Phase-Locked Loop ( PLL) 
System Application 




CHAPTER OBJECTIVES 



■ ■ SYSTEM APPLICATION PREVIEW 



Describe basic superheterodyne receivers 

Discuss the function of a linear multiplier 

Discuss the fundamentals of amplitude modulation 

Discuss the basic function of a mixer 

Describe AM demodulation 

Describe IF and audio amplifiers 

Describe frequency modulation 

Describe a phase-locked loop (PLL) 



KEY TERMS 



Amplitude modulation (AM) 
Frequency modulation (FM) 
Four-quadrant multiplier 
Balanced modulation 
Mixer 

Phase-locked loop (PLL) 
Lock range 
Capture range 



Digital data consisting of a series of binary digits (is and Os) 
are commonly sent from one computer to another over the 
telephone lines. Two voltage levels are used to represent the 
two types of bits, a high-voltage level and a low-voltage 
level. The data stream is made up of time intervals when the 
voltage has a constant high value or a constant low value 
with very fast transitions from one level to the other. In 
Other words, the data stream contains very low frequencies 
(constant-voltage intervals) and very high frequencies 
(transitions). Since the standard telephone system has a 
bandwidth of approximately 300 Hz to 3000 Hz, it cannot 
handle the very low and the very high frequencies that 
make up a typical data stream without losing most of the 
information. Because of the bandwidth limitation of the 
telephone system, it is necessary to modify digital data 
before they are sent out; and one method of doing this is 
with frequency shift keying (FSK), which is a form of 
frequency modulation. 

A simplified block diagram of a digital communications 
equipment (DCE) system for interfacing digital terminal 
equipment (DTE), such as a computer, to the telephone 
network is shown in the system application. The system F5K- 
modulates digital data before they are transmitted over the 
phone line and demodulates FSK signals received from 
another computer. Because the DCE's basic function is to 
modulate and demodulate, it is called a modem. Although 
the modem performs many associated functions, in this 
system application our focus will be on the modulation and 
demodulation circuits. 



VISIT THE COMPANION WCBSITi 

Study aids for this chapter are available at 

http.7 /www. prenhall.com/floyd 
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17-1 BASIC RECEIVERS 



Receivers based on the superheterodyne principle are standard in one form or another 
in most types of communications systems and are found in familiar systems such as 
standard broadcast radio, stereo, and television. In several of the system applications in 
previous chapters, we presented the superheterodyne receiver in order to focus on a 
given circuit; now we cover it from a system viewpoint. This section provides a basic 
introduction to amplitude modulation and frequency modulation and an overview of 
the complete AM and FM receiver. 

After completing this section, you should be able to 

■ Describe basic superheterodyne receivers 

■ Define AM and FM 

■ Discuss the major functional blocks of an AM receiver 

■ Discuss the major functional blocks of an FM receiver 



Amplitude Modulation 

\mptitude modulation < \Mns a method for sending audible information, such as voice 
and music, by electromagnetic waves that are broadcast through the atmosphere. In AM, 
the amplitude of a signal with a specific frequency (£), called the carrier, is varied accord- 
ing to a modulating signal, which can be an audio signal (voice or music), as shown in 
Figure 1 7—1. The carrier frequency permits the receiver to be tuned to a specific known fre- 
quency. The resulting AM waveform contains the carrier frequency, an upper-side fre- 
quency equal to the carrier frequency plus the modulation frequency (/,. + /„), and a 
lower-side frequency equal to the carrier frequency minus the modulation frequency (f c - /„,). 
For example, if a I MHz carrier is amplitude modulated with a 5 kHz audio signal, the fre- 
quency components in the AM waveform are I MHz (carrier), I MHz + 5 kHz = 
1 ,005.000 Hz (upper side), and I MHz - 5 kHz = 995.000 Hz (lower side). Harmonics of 
these frequencies are also present. 



FIGURE 17-T 



An example of an amplitude 
modulated signal. In this case, 
the higher-frequency carrier is 
modulated by a lower-frequency 
sinusoidal signal. 



Amplitude 
modulated 
envelope ,ft~x 




v 




The frequency band for AM broadcast receivers is 540 kHz to 1640 kHz. This mean* 
that an AM receiver can be tuned to pick up a specific carrier frequency lhat lies in the 
broadcast band. Each AM radio station transmits at a specific carrier frequency that is dif- 
ferent from any other station in the area, so you can tune the receiver to pick up any desired 
station. 
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The Superheterodyne AM Receiver 

A block diagram of a superheterodyne AM receiver is shown in Figure 1 7—2. The receiver 

shown consists of an antenna, an RF (radio frequency) amplifier, a mixer, a local oscillator 
(LO). an IF (intermediate frequency) amplifier, a detector, an audio amplifier, a power am- 
plifier, and a speaker. 



Antenra 



RF 

amplifier 



Mixer 



IF 

amplifier 



Detector 



AGC 



Audio and 

power 
amplifiers 



Speaker 



^ 



Gang tuned 



Local 
oscillator 



FIGURE 17-2 



Superheterodyne AM receiver block diagram. 

Antenna The antenna picks up all radiated signals and feeds them into the RF amplifier. 
These signals are very small (usually only a few microvolts). 

RF Amplifier This circuit can be adjusted (tuned) to select and amplify any carrier fre- 
quency within the AM broadcast band. Only the selected frequency and its two side bands 
pass through the amplifier. (Some AM receivers do not have a separate RF amplifier stage.) 

Local Oscillator This circuit generates a steady sine wave at a frequency 455 kHz above 
the selected RF frequency. 

Mixer This circuit accepts two inputs, the amplitude modulated RF signal from the out- 
put of the RF amplifier (or the antenna when there is no RF amplifier) and the sinusoidal 
output of the local oscillator (LO). These two signals are then "mixed" by a nonlinear 
process called heterodyning to produce sum and difference frequencies. For example, if the 
RF carrier has a frequency of 1000 kHz, the LO frequency is 1455 kHz and the sum and 
difference frequencies out of the mixer are 2455 kHz and 455 kHz. respectively. The dif- 
ference frequency is always 455 kHz no matter what the RF carrier frequency. 

IF Amplifier The input to the IF amplifier is the 455 kHz AM signal, a replica of the orig- 
inal AM carrier signal excepl that the frequency has been lowered to 455 kHz. The IF am- 
plifier significantly increases the level of this signal. 

Detector This circuit recovers the modulating signal (audio signal) from the 455 kHz in- 
termediate frequency (IF). At this point the IF is no longer needed, so the output of the de- 
tector consists of only the audio signal. 

Audio and Power Amplifiers This circuit amplifies the detected audio signal and drives 
the speaker to produce sound. 

ACC The automatic gain control (AGC) provides a dc level out of the detector that is pro- 
portional to the strength of the received signal. This level is fed back to the IF amplifier, and 
sometimes to the mixer and RF amplifier, to adjust the gains so as to maintain constant sig- 
nal levels throughout the system over a wide range of incoming carrier signal strengths. 
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Figure 17-3 shows the signal flow through an AM superheterodyne receiver. The re- 
ceiver can be tuned to accept any frequency in the AM band. The RF amplifier, mixer, and 
local oscillator are tuned simultaneously so that the LO frequency is always 455 kHz above 
the incoming RF signal frequency. This is called gang tuning. 
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FIGURE 17- J 



Illustration of signal flow through an AM receiver. 



Frequency Modulation 



In fireqtK'iK-% modulation ( FM », the modulating signal (audio) varies the frequency of a 
cameras opposed to die amplitude, as in the case of AM. Figure 17-4 illustrates basic fre- 
quency modulation. The standard FM broadcast band consists of carrier frequencies from 
88 MHz to 108 MHz, which is significantly higher than AM. 



FIGURE 17-4 



An example of frequency 
modulation. 



Modulating 
signal 



Frequency- 
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The Superheterodyne FM Receiver 

The FM receiver is similar to the AM receiver in many ways, but there are several differ 
ences. A block diagram of a superheterodyne FM receiver is shown in Figure 17-5. Notice 
that it includes an RF amplifier, mixer, local oscillator, and IF amplifier just as in the AM 
receiver. These circuits must, however, operate at higher frequencies than in the AM sys- 
tem. A .significant difference in FM is the way die audio signal must be recovered from the 
modulated IF. This is accomplished by the limiter, discriminator, and de-emphasis network. 
Figure 1 7-6 depicts the signal flow through an FM receiver. 
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FIGURE 17-5 



Superheterodyne FM receiver block diagram. 
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FIGURE 17-6 



Example of signal flow through an FM receiver. 
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Sound 






RF Amplifier This circuit must be capable of amplifying any frequency between 88 MHz 
and 108 MHz. It is highly selective so that it passes only the selected carrier frequency and 
significant side-band frequencies that contain the audio. 

Local Oscillator This circuit produces a sine wave at a frequency 10.7 MHz above the se- 
lected RF frequency. 
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Mixer This circuit performs the same function us in ihe AM receiver, except that its out- 
pat is a 10.7 MHz FM signal regardless of the RF carrier frequency. 

IF Amplifier This circuit amplifies the 10.7 MHz FM signal. 

Limiter The limiter removes any unwanted variations in the amplitude of the FM signal 
as it comes out of the IF amplifier and produces a constant amplitude FM output at the 
10.7 MHz intermediale frequency. 

Discriminator This circuit performs the equivalent function of the detector i n an AM sys- 
tem and is sometimes called a detector rather than a discriminator. The discriminator re- 
covers the audio from the FM signal. 

De-emphasis Network For certain reasons, the higher modulating frequencies are ampli- 
fied more than the lower frequencies at the transmitting end of an FM system by a process 
called preemphasis. The de-emphasis circuit in the FM receiver brings (he high-frequency 
audio signals back to the proper amplitude relationship with ihe lower frequencies. 

Audio and Power Amplifiers This circuit is the same as in the AM system and can be 
shared when there is a dual AM/FM configuration. 



SECTION 17-1 
REVIEW 

Answers are at the end 
of the chapter. 



1. What do AM and FM mean? 

2. How do AM and FM differ? 

3. What are the standard broadcast frequency bands for AM and FM? 



17-2 THE LINEAR MULTIPLIER 

The linear multiplier is a key circuit in many types of communications systems. In this 
section, you will examine the basic principles of IC linear multipliers and look at a few 
applications that arc found in communications as well as in other areas. In the 
following sections, we will concentrate on multiplier applications in AM and FM 
systems. 

After completing this section, you should be able to 

■ Discuss the function of a linear multiplier 

■ Describe multiplier quadrants and transfer characteristic 

■ Discuss scale factor 

■ Show how to use a multiplier circuit as a multiplier, squaring circuit, divide circuit, 
square root circuit, and mean square circuit 



Multiplier Quadrants 

There are one-quadrant, two-quadrant, and four-quadrant multipliers. The quadrant classi- 
fication indicates the number of input polarity combinations that the multiplier can handle. 
A graphical representation of the quadrants is shown in Figure 17—7. A four-quadrant 
multiplier can accept any of the four possible input polarity combinations and produce an 
output with the corresponding polarity. 
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FIGURE 17-7 
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Four-quadrant polarities and their 
products. 
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The Multiplier Transfer Characteristic 

Figure 17-8 shows the transfer characteristic for a typical IC linear multiplier of two input 
voltages V x and V Y . Values of V x run along the horizontal axis and values of V y are the 
sloped lines. To find the output voltage from the transfer characteristic graph, find the in- 
tersection of the two input voltages V x and V Y . Then fi nd the output voltage by projecting 
the point of intersection over to the vertical axis. An example will illustrate this. 




I FIGURE 17-8 



-8.0 -6.0 -4.0 -2.0 +2.0 +4.0 +6.0 +8.0 +10 
V x , input voltage (volt$) 



A four-quadrant multiplier transfer 
characteristic. 




Solution 



Determine the output voltage for a four-quadrant linear multiplier whose transfer 
characteristic is given in Figure 17-8. The input voltages are V x = —4 V and 
V r = +10V. 

The output voltage is —4 V as illustrated in Figure 17-9. For this transfer 
characteristic, the output voltage is a factor of ten smaller than the actual product of 
the two input voltages. This is due to the scale factor of the multiplier, which is 
discussed next. 
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FIGURE 17-9 




-10 -8.0 -6.0 -4.0 -2.0 +2.0 +4.0 +6.0 +8.0 +10 
V x . inpul voltage (volts) 



Related Problem ' Find Vr, IT if V, = - 6 V and V v = +6 V. 



Answers are at the end of the chapter. 



The Scale Factor, K 

The scale factor, K. is basically an internal attenuation that reduces the output by a fixed 
amount. The scale factor on most IC multipliers is adjustable and has a typical value of 0. 1 . 
Figure 17-10 shows an MC1495 configured as a basic multiplier. The scale factor is deter- 
mined by external resistors, which include two equal load resistors, according to the fol- 
lowing formula: 



K = 



2R, 



RxRyIri 



FIGURE 17-10 



Basic MCI 495 linear multiplier with 
external circuitry for setting the scale 
factor. 
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The current / fi2 is set by internal and external parameters according to this formula: 

\-V\ - 0.7 V 



'/a 



/?, + 500 n 



where R 2 is the combination of the fixed resistor and the potentiometer. The potentiometer 
provides for fine adjustment by controlling / fi2 - 

The expression for the output voltage of the IC linear multiplier includes the scale fac- 
tor, K, as indicated in Equation 17—1. 

Van- = KVxVy 



Equation 17—1 



I EXAMPLE 17-2 



Determine the scale factor for the basic MCI 495 multiplier in Figure 17—11. Assume 
the 5 kQ potentiometer portion of R? is set to 2.5 kft. Also, determine the output 
voltage for the given inputs. 



FIGURE 17-11 



9 

o- 
V,f=+2V12 



4 

V,-=+3V 8 

O- 



Ry 



10 




II 05 




MCI495 
linear multiplier 




lOkfi 



5 kfi 



13 

' 15 kil 



"-3.3kn 

i] 



5.6 kil 



-0+I5V 



14 

-el- 



s'''' 



-15 V 



5.6 kfi 



-o 

* m * i 



Solution Calculate I R1 . 



\-V\-0.1V 15 V -0.7 V 14.3 V 

Ir2 = — = „ a = ._ . „ : 1.1 niA 



/?, + 500 ft 12.5 kft + 500 ft 13 kft 



The scale factor is 



K = 



2R L 



2(5.6 kft) 



0.102 



flx-rtr'/c (10kft)(10kft)(l.l mA) 
The output voltage is 

Voirr = KV X V Y = 0.102 ( + 2 V) ( + 3 V) - 0.611 V 



Related Problem What is the output voltage in Figure 17-11 if the 5 kft potentiometer is set to its 
maximum resistance? 
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Offset Adjustment 

Due lo internal mismatches, small offset voltages are usually ar the inputs and the output of 
an IC linear multiplier. External circuits to null out the offset voltages are shown in Figure 
17-12. The resistive voltage dividers on the inputs allow the actual input voltages to be 
greater than the recommended maximum for the device. For example, the MCI 495 has a 
maximum input voltage of 5 V. The voltage dividers allow a maximum of 10 V to be ap- 
plied if the resistors are of equal value. The zener diodes in the input offset adjust circuit 
keep the inputs on pins 8 and 12 from exceeding the maximum of 5 V. 



FIGURE 17-12 



Basic MCI 495 multiplier with both 
scale factor and offset circuitry. 
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Basic Applications of the Multiplier 

Applications of linear multipliers are numerous. Some basic applications are now presented. 

Multiplier The most obvious application of a linear multiplier is, of course, to multiply 
two voltages as indicated in Figure 17-13. 



FIGURE 17-13 



Multiplier. 
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Squaring Circuit A special case of the multiplier is a squaring circuit that is realized by 
simply applying the same voltage to both inputs by connecting the inputs together as shown 
in Figure 17-14. 



FIGURE 17-14 
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FfGURE 17-15 
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Divide circuit. 



Divide Circuit The circuit in Figure 17-15 shows the multiplier placed in the feedback 
loop of an op-amp. The basic operation is as follows. There is a virtual ground at the in- 
verting ( — ) input of the op-amp and therefore the current at the inverting input is negligi- 
ble. Therefore, /, and l 2 are equal. Since the inverting input voltage is V, the voltage across 
R t is A'Vj V OL i T and the current through R t is 



/, = 



R, 



The voltage across R 2 is V x , so the current through R 2 is 
l2 ~R> 



Since/, = — / 2 , 

Solving for V ovr , 
^m it = — 



R, 



V X R, 



KV y R 7 



If/?, = KR 2 , 



Vour = - 



V x 



Squaie Root Circuit The square root circuit is a special case of the divide circuit where 
Vquj is applied to both inputs of the multiplier as shown in Figure 17-16. 



v\o 




FIGURE 17-16 
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Mean Square Circuit In this application, the multiplier is used as a squaring circuit with 
its output connected to an op-amp integrator as shown in Figure 17-17. The integrator pro- 
duces the average or mean value of the squared input over time, as indicated by the inte- 
gration sign (I). 



FIGURE 17-17 



Mean square circuit 




r = \KV-dt 



I SECTION 17-2 
REVIEW 



1. Compare a four-quadrant multiplier to a one-quadrant multiplier in terms of the 
inputs that can be handled. 

2. If 5 V and 1 V are applied to the inputs of a multiplier and its output is 0.5 V, what 
is the scale factor? What must the scale factor be for an output of 5 V? 

3. How do you convert a basic multiplier to a squaring circuit? 
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Amplitude modulation (AM) is an important method for transmitting information. Of 
course, the AM superheterodyne receiver is designed to receive transmitted AM 
signals. In this section, we take a further look at amplitude modulation and show how 
the linear multiplier can be used as an amplitude-modulated device. 

After completing this section, you should be able to 

■ Discuss the fundamentals of amplitude modulation 

■ Explain how AM is basically a multiplication process 

■ Describe sum and difference frequencies 

■ Discuss balanced modulation 

■ Describe the frequency spectra 

■ Explain standard AM 



As you learned in Section 17-1, amplitude modulation is the process of varying the am- 
plitude of a signal of a given frequency (carrier) with another signal of much lower fre- 
quency (modulating signal). One reason that the higher-frequency earner signal is 
necessary is because audio or other signals with relatively low frequencies cannot be trans- 
mitted with antennas of a practical size. The basic concept of standard amplitude modula- 
tion is illustrated in Figure 17-18. 



A Multiplication Process 

If a signal is applied to the input of a variable-gain device, the resulting output is an 
amplitude-modulated signal because V„„, = A r V in . The output voltage is the input voltage 
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In a broadcast radio system, (his would 
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FIGURE 17-18 




'I he envelope ( variation in the amplitude ) 
of the output signal follows the shape of 
the modulating signal. 



Basic concept of amplitude modulation. 

multiplied by the voltage gain. For example, if the gain of an amplifier is made to vary si- 
nusoidally at a certain frequency and an input signal is applied at a higher frequency, the 
output signal will have the higher frequency. However, its amplitude will vary according to 
the variation in gain as illustrated in Figure 17-19. Amplitude modulation is basically a 
multiplication process (input voltage multiplied by a variable gain). 
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FIGURE 17-19 



The amplitude of the output voltage 
varies according to the gain and is 
the product of voltage gain and 
input voltage. 
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Sum and Difference Frequencies 

If the expressions for two sinusoidal signals of different frequencies are multiplied mathe- 
matically, a term containing both the difference and the sum of the two frequencies is pro- 
duced. Recall from ac circuit theory that a sinusoidal voltage can be expressed as 

v = V,,sin lirft 

where V. is the peak voltage and/is the frequency. Two different sinusoidal signals can be 
expressed as follows: 

v, = V l(p) sin27r/i/ 
>'2 = Vqtfin 2ijf z t 



Multiplying these two sinusoidal wave terms, 

»'.v 2 = (V„,„sin Zw/ifXV^in 2wtV) = V i(p) V^/sin 27r/ l /)(sin 2-irfy) 
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The general trigonometric identity for the product of two sinusoidal functions is 

(sinA)(sinB) = ~[cos(A - B) - cos(A + B)] 
Applying this identity to the previous formula for V|i',, 

",v 2 = -^y^[cos(277-/,f - 27Tfy) - C0S(27T/ I f + 27Tfy)} 



V \(p) V 2{p) 



-[cos2w(/, -f 2 )t - cos27r{f, +/ 2 )r] 



E .- ,7, V HP) V 2Q>) - ... ,. V Hp) V 2(p) ,, , 

Equation 1/-Z V,Vi = COS 27r(/| — J 2 )t COS 2tt\J x + j 2 )l 

You can see in Equation 1 7-2 that the product of the two sinusoidal voltages V, and V 2 con- 
tains a difference frequency (/) — f 2 ) and a sum frequency (f, + f 2 ). The fact that the prod- 
uct terms are cosine simply indicates a 90° phase shift in the multiplication process. 

Analysis of Balanced Modulation 

Since amplitude modulation is simply a multiplication process, the preceding analysis is 
now applied to carrier and modulating signals. The expression for the sinusoidal carrier sig- 
nal can be written as 

v c = V^sin 2-nfit 

Assuming a sinusoidal modulating signal, it can be expressed as 

v m = ^mlpjS'" 27^,,/ 

Substituting these two signals in Equation 17-2, 

v c v„, = cos 2n[f c - f m )t cos 2ir[f,. + /,,)/ 

An output signal described by this expression for the product of two sinusoidal signals is 
produced by a linear multiplier. Notice that there is a difference frequency term (f c — /„) 
and a sum frequency term (f c + /„), but the original frequencies,/ and/,„ do not appear 
alone in the expression. Thus, the product of two sinusoidal signals contains no signal with 
the carrier frequency,/, or with the modulating frequency, f nr This form of amplitude mod- 
ulation is called balanced modulation because there is no canier frequency in the output. 
The caiTier frequency is "balanced out." 

The Frequency Spectra of a Balanced Modulator 

A graphical picture of the frequency content of a signal is called its frequency spectrum. A 
frequency spectrum shows voltage on a frequency base rather than on a time base as a wave- 
form diagram does. The frequency spectra of the product of two sinusoidal signals are 
shown in Figure 1 7-20. Part (a) shows the two input frequencies and part (b) shows the out- 
put frequencies. In communications terminology, the sum frequency is called the upper- 
side frequency and ihe difference frequency is called the lower-side frequency because 
the frequencies appear on each side of the missing carrier frequency. 

The b'near Multiplier as a Balanced Modulator 

As mentioned, the linear multiplier acts as a balanced modulator when a carrier signal and 
a modulating signal are applied to its inputs, as illustrated in Figure 17-21. A balanced 
modulator produces an upper-side frequency and a lower-side frequency, but it does not 
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Modulating frequency 



(a) Input frequencies 



Carrier frequency 



(b) Output frequencies 



fc 



Lower-side frequency 



FIGURE 17-20 



Illustration of the input and output 
frequency spectra for a linear 
multiplier. 



Upper-side frequency 



fc-fm /. +/« 



"*/ 



FIGURE 17-21 
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/c Jm fc /(■ + Jin 



The linear multiplier as a balanced 
modulator. 



produce a carrier frequency. Since there is no carrier signal, balanced modulation is some- 
times known as suppressed -carrier modulation. Balanced modulation is used in certain 
lypes of communications such as single side-band systems, but it is not used in standard 
AM broadcast systems. 




Determine the frequencies contained in the output signal of the balanced modulator in 
Figure 17-22. 



FIGURE 17-22 



/. = 5MHjO- 
/„, = 10 kHzO- 




-o/-. 



Solution The upper-side frequency is 

fc +/» = 5 MHz + 10 kHz = 5.01 MHz 
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The lower-side frequency is 

f c - f„, = 5 MHz - 10 kHz. - 4.99 MHz 

Related Problem Explain how the separation between the side frequencies can be increased using the 
same carrier frequency. 



Standard Amplitude Modulation (AM) 

In standard AM systems, the output signal contains the carrier frequency as well as the sum 
and difference side frequencies. The frequency spectrum in Figure 17-23 illustrates stan- 
dard amplitude modulation. 



FIGURE 17-23 



The output frequency spectrum of a 
standard amplitude modulator. 



Carrier 




fc-f n /. /<+/,„ 



Equation 17-3 



The expression for a standard amplitude-modulated signal is 



K„, = V^rfSin 2vfy + 



v c{ P )K,(p) 



COS 27T(/ f - f„)t ~ *!.^ W 277(/ c + f„,)t 



Notice in Equation 1 7-3 that the first term is for the carrier frequency and the other two terms 
are for the side frequencies. Let's see how the carrier-frequency term gets into the equation. 
If a dc voltage equal to the peak of the carrier voltage is added to the modulating signal 
before the modulating signal is multiplied by the carrier signal, a carrier-signal term appears 
in the final result as shown in the following steps. Add the peak carrier voltage to the mod- 
ulating signal, and you get the following expression: 

Kip) + V mlpf sm 2irfj 

Multiply by the carrier signal. 

V„„, = (V,. (p) sin27r/;./)(V r( ,, ) + V^sin 2irfJ) 

= V r 2 ,„ )S i n lirfj + j/ r(p) V mf „,(sin 27r/Q(sin 2vfj) 

carrier term product term 

Apply the basic trigonometric identity to the product term. 



V ml - V c % ) sin27r/ [ J + 



V c( P )K(i>) 



cos 2ir(f c -f m )t- 



V c{p) V m{p) 



cos 2ir(f c + f„,)l 



This result shows that the output of the multiplier contains a carrier term and two side- 
frequency terms. Figure 17-24 illustrates how a standard amplitude modulator can be im- 
plemented by a summing circuit followed by a linear multiplier. Figure 17-25 shows a 
possible implementation of the summing circuit. 



V elpl w2K£iO 



FIGURE 17-24 
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K-|;/l + V m(p) &in2K L' 




VhM 



£„ )Si n2 n/( , + W^cos2„./, - V , - W**«-*Ot ** 






Basic block diagram of an amplitude modulator. 



v;„ o 



V mip jm2xf„io 




FIGURE 17-25 



Implementation of the summing 
circuit in the amplitude modulator. 



- — O V,. {pl + V w(/ „sin 2nf„,t 




A carrier frequency of 1 200 kHz is modulated by a sinusoidal wave with a frequency 
of 25 kHz by a standard amplitude modulator. Determine the output frequency 
spectrum. 

Solution The lower-side frequency is 

L -L = 1200 kHz - 25 kHz = 1175 kHz 

The upper-side frequency is 

ft +f m = 1200 kHz + 25 kHz = 1225 kHz 

The output contains the carrier frequency and the two side frequencies as shown in 
Figure 17-26. 



FIGURE 17-26 



f, - f m 



fc+S m 
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Related Problem 



Compare the output frequency spectrum in this example to that of a balanced 
modulator having the same inputs. 



Amplitude Modulation with Voice or Music 

To this point in our discussion, we have considered the modulating signal to be a pure si- 
nusoidal signal just to keep things fairly simple. If you receive an AM signal modulated by 
a pure sinusoidal signal in the audio frequency range, you will hear a single tone from the 
receiver's speaker. 

An audio signal (voice or music) consists of many sinusoidal components within a range 
of frequencies from about 20 Hz to 20 kHz. For example, if a carrier frequency is ampli- 
tude modulated with voice or music with frequencies from 100 Hz to 10 kHz, the frequency 
spectrum is as shown in Figure 1 7-27. Instead of one lower-side and one upper-side fre- 
quency as in the case of a single-frequency modulating signal, a band of lower-side fre- 
quencies and a band of upper side frequencies correspond to the sum and difference 
frequencies of each sinusoidal component of the voice or music signal. 



FIGURE 17-27 



Example of a frequency spectrum for 
a voice or music signal. 



Carrier 
1000 kHz 



Lower-side hand 



Upper-side band 
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I SECTION 17-3 
REVIEW 



1. What is amplitude modulation? 

2. What is the difference between balanced modulation and standard AM? 

3. What two input signals are used in amplitude modulation? Explain the purpose of 
each signal. 

4. What are the upper-side frequency and the lower-side frequency? 

5. How can a balanced modulator be changed to a standard amplitude modulator? 



17-4 THE MIXER 



The mixer in the receiver system discussed in Section 17—1 can be implemented with a 
linear multiplier as you will see in this section. The basic principles of linear 
multiplication of sinusoidal signals are covered, and you will see how sum and 
difference frequencies are produced. The difference frequency is a critical part of the 
operation of many types of receiver systems. 

After completing this section, you should be able to 

■ Discuss the basic function of a mixer 

■ Explain why a mixer is a linear multiplier 

■ Describe the frequencies in the mixer and IF portion of a receiver 
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The mixer is basically a frequency converter because it changes the frequency of a sig- 
nal to another value. The mixer in a receiver system takes the incoming modulated RF 
signal (which is sometimes amplified by an RF amplifier and sometimes not) along with 
the signal from the local oscillator and produces a modulated signal with a frequency 
equal to the difference of its two input frequencies (RFand LO). The mixer also produces 
a frequency equal lo (he sum of the input frequencies. The mixer function is illustrated in 
Figure 17-28. 



Modulated carrier signal, f, 
( from RF amplifier or antenna I 



» Mixer 



FIGURE 17-28 



Modulated sum and 
-*■ difference frequencies 



Local oscillator signal./,, 



In the case of receiver applications, the mixer must produce an output that has a fre- 
quency component equal to the difference of its input frequencies. From the mathematical 
analysis in Section 17-3, you can see that if two sinusoidal signals are multiplied, the prod- 
uct contains the difference frequency and the sum frequency. Thus, the mixer is actually a 
linear multiplier as indicated in Figure 17—29. 



Mixer (multiplier) 



l, ,..sin2jr/» 




!bfe TO art/ p - ./> - v HI^l£l^inf„ +J f u 



The mixer function. 



FIGURE 17-29 



The mixer as a linear multiplier. 



I' an?*/,/ 




EXAMPLE 17-5 



Determine the output expression for a multiplier with one sinusoidal input having a 
peak voltage of 5 mV and a frequency of 1 200 kHz and the other input having a peak 
voltage of 10 mV and a frequency of 1 655 kHz. 

Solution The two input expressions are 

v, = (5niV)sin27r(1200kHz)/ 
v 2 = ( 10 mV)sin 2tt( 1655 kHz)/ 

Multiplying, 

v,v 2 = (5 mV)(lOmV)[sin 2ir( 1200 kHz)/ ][ sin 2tt(1655 kHz)/] 
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Applying the trigonometric identity, (sin A)(sin B) = k5[cos(A — B) - cos(A + B)}, 
(5mV)(IOmV) 



-cos 2ir( 1655 kHz - 1 200 kHz)/ 



(5mV)(10mV) 



cos 2tt( 1 655 kHz + 1 200 kHz)f 



V OI( , = (25 ^V)cos 2tt(455 kHz)# - (25 /*V)cos 2ct(2855 kHz)/ 

Related Problem What is the value of the peak amplitude and frequency of the difference frequency 
component in this example? 



In the receiver system, both the sum and difference frequencies from the mixer are ap- 
plied to the IF (intermediate frequency) amplifier. The IF amplifier is actually a tuned am- 
plifier that is designed to respond to the difference frequency while rejecting (he sum 
frequency. You can think of the IF amplifier section of a receiver as a band-pass filter plus 
an amplifier because it uses resonant circuits to provide the frequency selectivity. This is il- 
lustrated in Figure 17-30. 



FIGURE 17-30 



Example of frequencies in the mixer 
and IF portion of a receiver. 



Mixer (multiplier) 



/,. = 90 MH/ 




' = 190.7 MH/ 



fa„ = 10.7 MH/ 



IF 

amplifier 



10.7 MH7 



EXAMPLE 17-6 



FIGURE 17-31 



f„ = 100.7 MH/ 



Determine the output frequency of the IF amplifier for the conditions shown in 
Figure 17—31. 



£ = 5X0 kHz 




/;, = 10.15 kHz 



Solution The IF amplifier produces only the difference frequency signal on its output. 
/„,„ =f„ w =L-fc= 1035 kHz - 580 kHz = 455 kHz 

Related Problem Based on your basic knowledge of the superheterodyne receiver from Section 17-1. 
determine the IF output frequency when the incoming RF signal changes to 1550 kHz 



AM DEMODULATION 



837 




SECTION 17-4 
REVIEW 



1. What is the purpose of the mixer in a superheterodyne receiver? 

2. How does the mixer produce its output? 

3. If a mixer has J 000 kHz on one input and 350 kHz on the other, what frequencies 
appear on the output? 



17-5 AM DEMODULATION 

The linear multiplier can be used to demodulate or detect an AM signal as well as to 
perform the modulation process that was discussed in Section 17—3. Demodulation can 
be thought of as reverse modulation. The purpose is to get back the original 
modulating signal (sound in the case of standard AM receivers). The detector in the 
AM receiver can be implemented using a multiplier, although another method using 
peak envelope detection is common. 

After completing this section, you should be able to 

■ Describe AM demodulation 

■ Discuss a basic AM demodulator 

■ Discuss the frequency spectra 



The Basic AM Demodulator 

An AM demodulator can be implemented with a linear multiplier followed by a low-pass 
filter, as shown in Figure 17 -32. The critical frequency of the filter is the highest audio fre- 
quency that is required for a given application (15 kHz, for example). 



Audio modulated IF 



Audio 




15 kHz 

Filler response 



FIGURE 17-32 



Basic AM demodulator. 



Operation in Terms of the Frequency Spectra 

Let's assume a carrier modulated by a single tone with a frequency of 10 kHz is received 
and converted to a modulated intermediate frequency of 455 kHz, as indicated by the fre- 
quency spectra in Figure 17-33. Notice that the upper-side and lower-side frequencies are 
separated from both the carrier and the IF by 10 kHz. 
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FIGURE 17-33 



Carrier 



An AM signal converted to IF. 
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When the modulated output of the IF amplifier is applied to the demodulator along with 
the IF, sum and difference frequencies for each input frequency are produced as shown in 
Figure 17-34. Only the 10 kHz audio frequency is passed by the filter. A drawback to this 
type of AM detection is that a pure IF must be produced to mix with the modulated IF. 



FIGURE 17-34 



Example of demodulation. 
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45SkHz- 445 kHz = 10 kHz 
455 kHz + 445 kHz = 900 kHz 

465 kHz- 455 kHz = 10 kHz 
465 kHz + 455 kHz = 920 kHz 
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SECTION 17-5 
REVIEW 



1. What is the purpose of the filter in the linear multiplier demodulator? 

2. If a 455 kHz IF modulated by a 1 kHz audio frequency is demodulated, what 
frequency or frequencies appear on the output of the demodulator? 



17-6 IF AND AUDIO AMPLIFIERS 



In this section, amplifiers for intermediate and audio frequencies are introduced. A 
typical IF amplifier is discussed and audio preamplifiers and power amplifiers are 
covered. As you have learned, the IF amplifier in a communications receiver provides 
amplification of the modulated IF signal out of the mixer before it is applied to the 
detector. After the audio signal is recovered by the detector, it goes to the audio preamp 
where it is amplified and applied to the power amplifier that drives the speaker. 

After completing this section, you should be able to 

■ Describe IF and audio amplifiers 

■ Discuss the function of an IF amplifier 

■ Explain how the local oscillator and mixer operate with the IF amplifier 

■ State the purpose of the audio amplifier 

■ Discuss the LM386 audio power amplifier 



IF Amplifiers 

The IF amplifier in a receiver is a tuned amplifier with a specified bandwidth operating at a cen- 
ter frequency of 455 kHz for AM and 1 0.7 MHz tor FM. The IF amplifier is one of the key fea- 
tures of a superheterodyne receiver because it is set to operate at a single resonant frequency 
that remains the same over the entire band of canier frequencies that can be received. Figure 
17-35 illustrates the basic function of an IF amplifier in terms of the frequency spectra. 
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Mixer 
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1,155 MHz 



FIGURE 17-35 



An illustration of the basic function of the IF amplifier in an AM receiver. 



450 kHz 455 kHz 460 kHz 



Assume, for example, that the received carrier frequency of £ = 1 MHz is modulated by 
an audio signal with a maximum frequency of/,, = 5 kHz, indicated in Figure 17-35 by the 
frequency spectrum on the input to the mixer. For this frequency, the local oscillator is at a 
frequency of 

/„ = 1 MHz + 455 kHz = 1 .455 MHz 

The mixer produces the following sum and difference frequencies as indicated in Figure 17-35. 

f„+f e = l 455 MHz + 1 MHz = 2.455 MHz 

/„ - f c = 1 455 MHz - 1 MHz = 455 kHz 
fa + (fc +.L) = 1 -455 MHz + 1.005 MHz = 2.46 MHz 
fo + if. ~fm) = 1455 MHz + 0.995 MHz = 2.45 MHz 
f,,-(f.-+ f,„) = 1 -455 MHz - 1 .005 MHz = 450 kHz 
/„ - (f, - fn.) = ' 455 MHz - 0.995 MHz. = 460 kHz 

Since the IF amplifier is a frequency-selective circuit, it responds only to 455 kHz and 
any side frequencies lying in the 10 kHz band centered at 455 kHz. All of the frequencies 
out of the mixer are rejected except the 455 kHz IF, all lower-side frequencies down to 
450 kHz, and all upper-side frequencies up to 460 kHz. This frequency spectrum is the au- 
dio modulated intermediate frequency. 

Although the detailed circuitry of the IF amplifier may differ from one system to another, it 
always has a tuned (resonant) circuit on the input or on the output or on both. Figure 1 7— 36(a) 
shows a basic IF amplifier with tuned transformer coupling at the input and output. The gen- 
eral frequency response curve is shown in Figure 1 7-36(b). 
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FIGURE 17-36 



A basic If amplifier with a tuned 
circuit on the input and output 





450 455 460 



/(kHz) 



(a) 



■ b) 




Audio modulated IF 



Audio Amplifiers 

Audio amplifiers are used in a receiver system following the detector to provide amplification 
of the recovered audio signal and audio power to drive the speakers), as indicated in Figure 
17-37. Audio amplifiers typically have bandwidths of 3 kHz to 15 kHz depending on the re- 
quirements of the system. IC audio amplifiers are available with a range of capabilities. 




AM 
detector 



Sound vi Lives 



FIGURE 17-37 



The audio amplifier in a receiver system. 

The LM386 Audio Power Amplifier This device is an example of a low-power audio ampli- 
fier that is capable of providing several hundred milliwatts to an 8 £2 speaker. It operates from 
any dc supply voltage in the 4 V to 1 2 V range, making it a good choice for battery operation. 
The pin configuration of the LM386 is shown in Figure 17-38(a). The voltage gain of the 
LM386 is 20 without external connections to the gain terminals, as shown in Figure 17-38(b). 
A voltage gain of 200 is achieved by connecting a 10/iF capacitor from pin 1 to pin 8, as shown 
in Figure 17-38(c). Voltage gains between 20 and 200 can be realized by a resistor (A^,) and 
capacitor (C ) connected in series from pin 1 to pin 8 as shown in Figure l7-38(d). These ex- 
ternal components are effectively placed in parallel with an internal gain-setting resistor. 




Gain 
7 | Bypass 
FJ+V 
"I Out 




(b) A r = 20 
FIGURE 17-38 




<c) A, = 200 



IH^n 




(d) 20 <A t <200 



Pin configuration and gain connections for the LM386 audio amplifier. 
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A typical application of the LM386 as a power amplifier in a radio receiver is shown in 
Figure 1 7 30. Here the detected AM signal is fed to the inverting input through the volume 
control potentiometer, R t , and resistor R 2 . C, is the input coupling capacitor and C 2 is the 
power supply decoupling capacitor. R 2 and C } filter out any residual RF or IF signal that 
may be on the output of the detector. /?, and C 6 provide additional filtering before the au- 
dio signal is applied to the speaker through the coupling capacitor C 1 . 



+9V 



Input from 
detector 




FIGURE 17-39 



The LM386 as an AM audio power 
amplifier. 
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SECTION 17-6 
REVIEW 



1. What is the purpose of the I F amplifier in an AM receiver? 

2. What is the center frequency of an AM I F amplifier? 

3. Why is the bandwidth of an AM receiver IF amplifier 10 kHz? 

4. Why must the audio amplifier follow the detector in a receiver system? 

5. Compare the frequency response of the IF amplifier to that of the audio amplifier. 



17-7 FREQUENCY MODULATION 

As you have seen, modulation is the process of varying a parameter of a carrier signal 
with an information signal. Recall that in amplitude modulation the parameter of 
amplitude is varied. In frequency modulation (FM), the frequency of a carrier is varied 
above and below its normal or at-rest value by a modulating signal. This section 
provides a further look into FM and discusses the differences between an AM and an 
FM receiver. 

After completing this section, you should be able to 

■ Describe frequency modulation 

■ Discuss the voltage-controlled oscillator 

■ Explain frequency demodulation 



In a frequency-modulated (FM; signal, the carrier frequency is increased or decreased 
according to the modulating signal. The amount of deviation above or below the carrier fre- 
quency depends on the amplitude of the modulating signal. The rate at which the frequency 
deviation occurs depends on the frequency of the modulating signal. 
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Figure 1 7-40 illustrates both a square wave and a sine wave modulating the frequency of a 
carrier. The carrier frequency is highest when the modulating signal is at its maximum positive 
amplitude and is lowest when the modulating signal is at its maximum negative amplitude. 



KM 




(M 




(a) Frequency modulation wilh a square wave 

FIGURE 17-40 



(b) Frequency modulation with a sine wave 



FIGURE 17-41 



Examples of frequency modulation. 

A Basic Frequency Modulator 

Frequency modulation is achieved by varying the frequency of an oscillator with the mod- 
ulating signal. A voltage-controlled oscillator (VCO) is typically used for this purpose, as 
illustrated in Figure 17-41. 



Frequency modulation with a 
voltage-controlled oscillator. 



Vollage-controlled 
oscillator 




Generally, a variable-reactance type of voltage-controlled oscillator is used in FM applica- 
tions. The variable-reactance VCO uses the varactor diode as a voltage-variable capacitance, 
as illustrated in Figure 17-42. where the capacitance is varied with the modulating voltage. V m 



FIGURE 17-42 



Basic variable-reactance VCO. 
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FM Demodulation 

Except for the higher frequencies, the standard broadcasl FM receiver is basically the same 
as the AM receiver up through the IF amplifier. The main difference between an FM re- 
ceiver and an AM receiver, other than the frequency band, is the method used to recover the 
audio signal from the modulated IF. 

There are several melhods for demodulating an FM signal. These include slope detec- 
tion, phase-shift discrimination, ratio detection, quadrature detection, and phase-locked 
loop demodulation. Most of these melhods are covered in detail in communications 
courses. However, because of its importance in many types of applications, we will cover 
the phase-locked loop (PLL) demodulation in the next section. 



SECTION 17-7 
I REVIEW ^ • H° w does an FM signal carry information? 

2.. On what principle are most VCOs used in FM based? 



17-8 THE PHASE-LOCKED LOOP (PLL) 

In the last section, the PLL was mentioned as a way to demodulate an FM signal. In 
addition to FM demodulation, PLLs are used in a wide variety of communications 
applications, which include TV receivers, tone decoders, telemetry receivers, modems, 
and data synchronizers, to name a few. Many of these applications are covered in 
electronic communications courses. In fact, entire books have been written on the finer 
points of PLL operation, analysis, and applications. The approach in this section is 
intended only to present the basic concept and give you an intuitive idea of how PLLs 
work and how they are used in FM demodulation. A specific PLL integrated circuit is 
also introduced. 

After completing this section, you should be able to 

■ Describe a phase-locked loop (PLL) 

■ Draw a basic block diagram for the PLL 

■ Discuss the phase detector and state its purpose 

■ State the purpose of the VCO 

■ Stale the purpose of (he low-pass filler 

■ Explain lock range and capture range 

■ Discuss the LM565 PLL and explain how it can be used as an FM demodulator 



The Basic PLL Concept 

The phase-locked loop (PLL) is a feedback circuit consisting of a phase detector, a low 
pass filter, and a voltage-controlled oscillator (VCO). Some PLLs also include an amplifier 
in the loop, and in some applications the filter is nol used. 

The PLL is capable of locking onto or synchronizing with an incoming signal. When the 
phase of the incoming signal changes, indicating a change in frequency, the phase detec- 
tor's output increases or decreases just enough to keep the VCO frequency the same as the 
frequency of the incoming signal. A basic PLL block diagram is shown in Figure 17-43. 
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FIGURE 17-43 



Basic PLL block diagram. 
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The general operation of a PLL is as follows. The phase detector compares the phase 
difference between the incoming signal, V,, and the VCO signal, V . When the frequency 
of the incoming signal,/, is different from that of the VCO frequency./,, the phase angle 
between the two signals is also different. The output of the phase detector and the filter is 
proportional to the phase difference of the two signals. This proportional voltage is fed to 
the VCO, forcing its frequency to move toward the frequency of the incoming signal until 
the two frequencies are equal. At this point, Ihe PLL is locked onto the incoming fre- 
quency, [ff, changes, the phase difference also changes, forcing the VCO to track the in- 
coming frequency. 

The Phase Detector 

The phase-detector circuit in a PLL is basically a linear multiplier. The following analysis 
illustrates how it works in a PLL application. The incoming signal, V„ and the VCO signal, 
V„, applied to the phase detector can be expressed as 

v.- = V f sin(2ff/,t + 0,) 
v„ = V sin(2-jr/;,. + 6„) 

where 0, and o are the relative phase angles of the two signals. The phase detector multi- 
plies these two signals and produces a sum and difference frequency output. V d , as follows: 

V d = V r sin(2irf t t + 9 t ) X V„s\n(2irf nt + (i„) 

vv vv 

-^cos,[27rf,t + 6,) - (27r/,r + B„)] ~ -^oa[(2ir£f + 0,) + (2*r/ / + *„)] 



When the PLL is locked. 

f,=fo 

and 

lirf-.t = 2irf n t 
Therefore, the detector output voltage is 
V.K., 



v d = 



[cos(0 ( - e e ) - C0S(477/i/ + 6, + o )] 



The second cosine term in the above equation is a second harmonic term (2 x 2nf,t) and 
is filtered out by the low-pass filter. 
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The control voltage on the output of the filter is expressed as 



V c = -j-*c«0, 



Equation 17-4 



where 0, = 0, - G„. where r is the phase error. The filter output voltage is proportional to 
the phase difference belvveen the incoming signal and the VCO signal and is used as die 
control voltage for the VCO. This operation is illustrated in Figure 17-44. 



Filler pas.sbiiix! 



FIGURE 17-44 




Basic phase detector/filter operation. 



/„ 




A PLL is locked onto an incoming signal with a frequency of 1 MHz at a phase angle 
of 50". The VCO signal is at a phase angle of 20°. The peak amplitude of die incoming 
signal is 0.5 V and that of the VCO output signal is 0.7 V. 

(a) What is the VCO frequency? 

(b) What is the value of the control voltage being fed back to the VCO at this point? 
Solution (a) Since the PLL is in lock,/ = /„ = 1 MHz. 

(b) 0, = 0, - 0„ = 50° - 20° = 30° 



K • = 



v,v„ 



-cos0,. = 



(0.5 V)(0.7 V) 



cos 30° = (0.175 V)cos 30° = 0.152 V 



Related Problem If the phase angle of the incoming signal changes instantaneously to 30°. indicating a 
change in frequency, what is the instantaneous VCO control voltage? 



The Voltage-Controlled Oscillator (VCO) 

Voltage-controlled oscillators can take many forms. A VCO can be sonic type of LCor crys- 
tal oscillator, or it can be some type of RC oscillator or multivibrator. No matter the exact 
type, most VCOs employed in PLLs operate on the principle of variable reactance using 
the varactor diode as a voltage-variable capacitor. 

The capacitance of a varactor diode varies inversely with reverse-bias voltage. The ca- 
pacitance decreases as reverse voltage increases and vice versa. 
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In a PLL, ihe control voltage fed back to the VCO is applied as a reverse-bias voltage to 
the varactor diode within the VCO. The frequency of oscillation is inversely related to ca- 
pacitance for an RC type oscillator by the formula 



/«== 



1 



2-jtRC 



and for an LC type oscillator by the formula 



/,= 



2irVZc 



These formulas show that frequency increases as capacitance decreases and vice versa. 

Capacitance decreases as reverse voltage (control voltage) increases. Therefore, an in- 
crease in control voltage to the VCO causes an increase in frequency and vice versa. Basic 
VCO operation is illustrated in Figure 17-45. The graph in part (b) shows that at the nom- 
inal control voltage, V c(mm> the oscillator is running at its nominal or free-running fre- 
quency,^,,,,,,). An increase in V c above the nominal value forces the oscillator frequency to 
increase, and a decrease in V, below the nominal value forces the oscillator frequency to de- 
crease. There are, of course, limits on the operation as indicated by the minimum and max- 
imum points. The transfer function or conversion gain, K, of the VCO is normally expressed 
as a certain frequency deviation per unit change in control voltage. 



K = 



Ml 
1V C 



FIGURE 17-45 



Basic VCO operation. 
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EXAMPLE 17-8 



Solution 



Related Problem 



The output frequency of a certain VCO changes from 50 kHz. to 65 kHz when the 
control voltage increases from 0.5 V to 1 V What is the conversion gain, K? 



K = 



A/„ 65 kHz - 50 kHz 15 kHz 



AV, 



I V - 0.5 V 



0.5 V 



= 30 kHz/V 



If the conversion gain of a certain VCO is 20 kHz/V, how much frequency deviation 
does a change in conlrol voltage from 0.8 V to 0.5 V produce? If the VCO frequency is 
250 kHz at 0.8 V. what is the frequency at 0.5 V? 



Basic PLL Operation 

When the PLL is locked, the incoming frequency,/, and the VCO frequency.^, are equal. 
However, there is always a phase difference between them called the static phase error. The 
phase error, 6 e , is the parameter that keeps the PLL locked in. As you have seen, the filtered 
voltage from the phase detector is proportional to 0, (Equation 17-4). This voltage controls 
the VCO frequency and is always just enough to keep/,, = /. 
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Figure 17-46 shows the PLL and two sinusoidal signals of the same frequency but with 
a phase difference, 6 e . For this condition the PLL is in lock and the VCO control voltage is 
constant. If/, decreases, 6, increases to f) cl as illustrated in Figure 17—47. This increase in 
$ e is sensed by Ihe phase detector causing the VCO control voltage to decrease, thus de- 
creasing/, until/, =/ and keeping the PLL in lock. If/ increases, 8,. decreases to 6 lA as il- 
lustrated in Figure 17—48. This decrease in $ e causes the VCO control voltage to increase, 
thus increasing/, until/, = / and keeping the PLL in lock. 




FIGURE 17-46 
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FIGURE 17-47 



PLL action when f { decreases. 
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FIGURE 17-48 



PLL action ■when f t increases. 
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Lock Range Once ihe PLL is locked, it will track frequency changes in the incoming sig- 
|73~ a nal. The range of frequencies over which the PLL can maintain lock is called the lock range 
or tracking range. Limitations on the hold-in range are the maximum frequency deviations 
of the VCO and the output limits of the phase detector. The hold-in range is independent of 
the bandwidth of the low-pass filter because, when the PLL is in lock, the difference fre- 
quency (f; — f,) is zero or a very low instantaneous value that falls well within the band- 
width. The hold-in range is usually expressed as a percentage of the VCO frequency. 

Capture Range Assuming the PLL is nol in lock, the range of frequencies over which it 
^p can acquire lock with an incoming signal is called the capture range. Two basic conditions 
are required for a PLL to acquire lock. First, the difference frequency {f tl — /;) must be low 
enough to fall within the filter's bandwidth. This means thai Ihe incoming frequency must 
not be separated from the nominal or free-running frequency of the VCO by more than the 
bandwidth of the low-pass filter. Second, the maximum deviation. Af min , of the VCO fre- 
quency must be sufficient to allow/, to increase or decrease to a value equal to f r These 
conditions are illustrated in Figure 17-49; and when they exist, the PLL will "pull" the 
VCO frequency toward the incoming frequency until/, =J). 



The LM565 Phase-Locked Loop 

The 1JM565 is a good example of an integrated circuit PLL. The circuit consists of a VCO, 
a phase detector, a low-pass, filter formed by an internal resistor and an external capacitor, 
and an amplifier. The free-running VCO frequency can be set with external components. A 
block diagram is shown in Figure 1 7-50. The LM565 can be used for the frequency range 
from 0.00 1 Hz to 500 kHz. 



(a) 



Difference frequency falls 
into filler's passband. 
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FIGURE 17-49 
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Illustration of the conditions for a 
PLL to acquire lock. 



/„ must be able to deviate an amount A/. 




f t -f„ 
(b)/ ( —f„ decreases asf n deviates towards f r 



L 



The free-running frequency of the VCO is set by the values of /?, and C t in Figure 17-50 
according to the following formula. The frequency is in hertz when the resistance is in ohms 
and the capacitance is in farads. 



/,= 



_1.2 

4JJ.C, 



Equation 1 7-5 
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HGURE 17-50 
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Equation 17-6 



The lock range is given by 

J lock — =■=,, 

where V cc is the total voltage between the positive and negative dc supply voltage terminals. 
The capture range is given by 



Equation 17-7 



fca P = ±4- 



a^&p 



lock 



27rV(36O0I"2)C 2 

The 3600 is the value of the internal filter resistor in ohms. You can see that the capture 
range is dependent on the filter bandwidth as determined by the internal resistor and the ex- 
ternal capacitor C 2 . 

The PLL as an FM Demodulator 

As you have seen, the VCO control voltage in a PLL depends on the deviation of the in- 
coming frequency. The PLL will produce a voltage proportional to the frequency of the in- 
coming signal which, in the case of FM„ is the original modulating signal. 

Figure 17-51 shows a typical connection for the LM565 as an FM demodulator. If the 
IF input is frequency modulated by a sinusoidal signal, you get a sinusoidal signal on the 
output as indicated. Since the maximum operating frequency is 500 kHz, this device must 
be used in double-conversion FM receivers. A double-conversion FM receiver is one in 
which essentially two mixers are used to fiist convert the RF to a 1 0.7 MHz IF and then con- 
vert this to a 455 kHz IF. 

The free-running frequency of the VCO is adjusted to approximately 455 kHz, which is 
the center of the modulated IF range. C, can be any value, but R t should be in the range 
from 2 kI2 to 20 kQ. The input can be directly coupled as long as there is no dc voltage dif- 
ference between pins 2 and 3. The VCO is connected to the phase detector by an external 
wire between pins 4 and 5. 



FIGURE 17-51 
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The LM565 as an FM demodulator. 
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EXAMPLE 17-9 



Determine the values for R u C\, and C 7 for the LM565 in Figure 17-51 for a free- 
running frequency of 455 kHz and a capture range of ± 10 kHz. The dc supply 
voltages are ±6 V. 

Solution Use Equation 17-5 to calculate C t . Choose R { - 4.7 kft. 
1.2 



c, = 



4R l C l 
1.2 



1.2 



= 140 X 10 IZ F = 140pF 



4/?,/„ 4(4700 Q)(455 X 10 ? Hz) 

The lock range must be determined before you can calculate C 2 . 

8f„ 8(455 kHz) 

/to * ~ ^ " ± 12V = ±3 ° 3 kHZ 

Use Equation 17—7 to calculate C 2 . 

1 



fca P = ±-. 



lirf,. 



2ir\ (3600ft)Q 



f = — 

J cap I «_ 



' cap 

C 2 ^ 



I 



2«/i 



/or* 



2tt/ (3600 ft)C 2 

, f ' V Wfc* = / 1 \ 2 2tt(303X 10' Hz) 

\Zir) (360011)/^ V2«"/ (3600 ft) (10 X 10 3 Hz) 2 
= 0.134 X 10 _6 F = 0.134 uF 



Related Problem What can you do to increase the capture range from ± 10 kHz to ± 15 kHz? 




SECTION 17-8 
I REVIEW 



1. List the three basic components in a phase-locked loop. 

2. What is another circuit used in some PLLs other than the three listed in Question 1? 

3. What is the basic function of a PLL? 

4. What is the difference between the lock range and the capture range of a PLL? 

5. Basically, how does a PLL track the incoming frequency? 
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The DCE (data communications 
equipment) system introduced at the 
opening of this chapter includes an F5K 
(frequency shift keying) modem 
(modulator/demodulator). FSK is one 
method for modulating digital data for 
transmission over voice phone lines and is 
basically a form of frequency modulation. 
In this system application, the focus is on 
the low-speed modulator/demodulator 
(modem) board, which is implemented 
with a VCO for transmitting FSK signals 
and a PLL for receiving FSK signals. 

A Brief Description of the System 

The FSK modem interfaces a computer 
with the telephone network so that digital 
data, which are incompatible with the 
standard phone system because of 
bandwidth limitations, can be transmitted 
and received over regular phone lines, thus 
allowing computers to communicate with 
each other. Figure 17-52 shows a diagram 
of a simple data communications system in 
which a modem at each end of the phone 
line provides interfacing for a computer. 



The modem (DCE) consists of three 
basic functional blocks as shown in Figure 
1 7—53: the FSK modem circuits, the phone 
line interface circuits, and the timing and 
control circuits. The dual-polarity power 
supply is not shown. Although the focus of 
this system application is the FSK modem 
board, we will briefly look at each of the 
other parts to give you a basic idea of the 
overall system function. 

Tfie Phone Line Interface The main pur- 
poses of this circuitry are to couple the 
phone line to the modem by proper im- 
pedance matching, to provide necessary 
filtering and to accommodate full-duplex 
transmission of data. Full-duplex means es- 
sentially that information can be going 
both ways on a single phone line at the 
same time. This allows a computer, con- 
nected to a modem, to be sending data 
and receiving data simultaneously without 
the baremitted data interfering with the 
received data. Full-duplexing is imple- 
mented by assigning the transmitted data 
one bandwidth and the received data an- 
other separate bandwidth within the 
300 Hz to 3 kHz overall bandwidth of the 
phone network. 

Timing and Control One basic function 
of the timing and control circuits is to de- 
termine the proper mode of operation for 
the modem. The two modes are the origi- 
nate mode and the answer mode. Another 
function is to provide a standard interface 
(such as R5-232C) with the DTE (com- 
puter). The RS-232C standard requires 
certain defined command and control sig- 
nals, data signals, and voltage levels for 
each signal. 



Digital Data Before we get into FSK, let's 
briefly review digital data. A detailed knowl- 
edge of binary numbers is not necessary for 
this system application. Information is repre- 
sented in digital form by Is and 0s, which are 
the binary digits or bits. In terms of voltage 
waveforms, a I is generally represented by a 
high level and a by a low level. A stream of 
serial data consists of a sequence of bib as il- 
lustrated by an example in Figure 17-54(a). 

Baud Rate The baud rate is the number 
of bits/s of the transmitted data. This can be 
determined by taking the reciprocal of the 
time of the shortest pulse transmitted. A 
low-speed modem, such as the one we are 
focusing on, sends and receives digital data 
at a rate of 300 bits/s or 300 baud. For ex- 
ample, if we have an alternating sequence 
of Is and 0s (highs and lows), as indicated in 
Figure 17-54(b), each bit takes 3.33 ms. 
This is the minimum time for a pulse in the 
data stream, so the baud rate is 1/3.33 ms 
= 300 baud. Since it takes two bits, a I and 
a 0, to make up the period of this particu- 
lar waveform, the fundamental frequency 
of this format is 1 16.67 ms = 1 50 Hz. This is 
the maximum frequency of a 300 baud data 
stream because normally there may be sev- 
eral consecutive Is and/ or several consecu- 
tive 0s in a sequence, thus reducing the 
frequency. As mentioned earlier, the tele- 
phone network has a 300 Hz minimum fre- 
quency response, so the fundamental 
frequency of the 300 baud data stream will 
fall outside of the telephone bandwidth. 
This prevents sending digital data in its pure 
form over the phone lines. 

Frequency Shift Keying (FSK) FSK is one 
method used to Overcome the bandwidth 
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FIGURE 17-52 



A data communications system. 
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Basic block diagram of a modem. 
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(a) Typical serial data stream 
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(b) Period for 300 baud square wave 
FIGURE 17-54 



A serial stream of digital data. 



limitation of the telephone system so that 
digital data can be sent over the phone 
lines. The basic idea of FSK n to represent 1 s 
and 0s by two different frequencies within 
the telephone bandwidth. By the way, any 
frequency within the telephone bandwidth 
it an audible tone. The standard frequen- 



cies for a full-duplex 300 baud modem in 
the originate mode are 1070 Hz for a 
(called a space) and 1 270 Hz for a 1 (called 
a mark). In the answer mode. 2025 Hz is a 
and 2225 Hz is a 1. The relationship of 
these FSK frequencies and the telephone 
bandwidth ii illustrated in Figure 17-55. 



Signals in both the originate and answer 
bands can exist at the same time on the 
phone line and not interfere with each 
other because of the frequency separation. 

An example of a digital data stream 
converted to FSK by a modem is shown in 
Figure 17-56. 
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FIGURE 17-55 



Frequencies for 300 baud, full-duplex data transmission. 
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(b) Con-e.spundiiif: FSK signal < frequency relationships are nol exact) 

FIGURE 17-56 

Example of FSK data. 



Modem Circuit Operation 



The FSK modem circuits, shown in Figure 
1 7-57, contain an LM565 PLL and a VCO 
integrated circuit The VCO can be a 
device such as the 4046 (not covered 
specifically in this chapter), which is a PLL 
device in which the VCO portion can be 
used by itself because all of the necessary 
inputs and outputs are available. The VCO 
in the LM565 cannot be used indepen- 



dently of the PLL because there is no 
input pin for the control voltage. 

The function of the VCO is to accept 
digital data from a DTE and provide FSK 
modulation. The VCO is always the trans- 
mitting device. The digital data come in 
on the control voltage input (pin 9) of 
the VCO via a level-shifting circuit 
formed by Q 3 and Q 4 . This circuit is used 
because the data from the RS-232C 



interface are dual polarity with a positive 
voltage representing a and a negative 
voltage representing a 1 . Potentiometer 
R s is for adjusting the high level of the 
control voltage and R u is for adjusting 
the low level for the purpose of fine- 
tuning the frequency. Transistor Q., 
provides for originate/answer mode 
frequency selection by changing the 
value of the frequency-selection resis- 
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FIGURE 17-57 



FSK modulator/demodulator circuit 



tance from pin 1 1 to ground. Transistors 
Qi and Q> perform a similar function for 
thePLL 

When the digital data are at high 
levels, corresponding to logic 0s, the VCO 
oscillates at 1070 Hz in the originate 
mode and 2025 Hz in the answer mode. 
When the digital data are at low levels, 
corresponding to logic Is, the VCO oscil- 
lates at 1270 Hz in the originate mode 
and 2225 Hz in the answer mode. An 
example of the originate nvjde is when a 
DTE issues a request for data and transmit 
that request to another DTE. An example 
of the answer mode is when the receiving 



DTE responds to a request and sends data 
back to the originating DTE. 

The function of the PLL is to accept 
incoming BK-modulated data and convert 
it to a digital data format for use by the 
DTE. The PLL is always a receiving device. 
When the modem is in the originate mode, 
the PLL is receiving answer-mode data from 
the other modem. When the modem is in 
the answer mode, the PLL is receiving 
originate-mode data from the other 
modem The 741 np-amp is rnnnerteH as pi 
comparator that changes the data levels 
from the PLL to a dual-polarity format for 
compatibility with the R5-232C interface. 



The PC Board 



Locate and identify each component and 
each input/output pin on the PC board in 
Figure 1 7—58 using the jchematic in Figure 
1 7-57. Verify that the board and the 
schematic agree. If the PC board and the 
schematic do not agree, indicate the 

problem. Backside traces are shown as 
darker lines. 



The Circuit; 



For this application, the free-running 
frequencies of both the PLL and the VCO 
circuits are determined by the formula in 
Equation 17-5. 
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FIGURE 17-58 



Verify that the free-running frequency 
for the PLL IC is approximately 
1070 Hz in the originate mode and 
approximately 1270 Hz in the answer 
mode. 

Repeat the previous step for the VCO. 

Determine the approximate minimum 
and maximum output voltages for the 
711 comparator. 

Determine the maximum high-level 
voltage on pin 9 of the VCO. 

If a 300 Hz square wave that varies from 
+ 5 V to - 5 V is applied to the data 
from the DTE input, what should you 
observe on pin 4 of the VCO? 



■ When the data from the DTE are low, 
pin 9 of the VCO is at approximately 
V. At this level, the VCO oscillates at 
1070 Hz or 2025 Hz. When the data 
from the DTE go high, to what value 
should the voltage at pin 9 be adjusted 
to produce a 1270 Hz or 222 5 Hz 
frequency if the transfer function of the 
VCO is 50 Hz/V? 

Troubleshooting 

■ There is no demodulated data output 
voltage when there are verified FSK 
data from the phone line interface. 

■ The LM565 properly demodulates 
1070 Hz and 1270 Hz FSK data but 



does not properly demodulate 2025 Hz 
and 2225 Hz data. 

■ The VCO produces no FSK output. 

■ The VCO produces a continuous 
1070 Hz tone in the originate mode 
and a continuous 2025 Hz tone in the 
answer mode when there are proper 
data from the DTE. 

Final Report (Optional) 

Describe the overall operation of the 
FSK modem board. Specify how each 
circuit works and its purpose. Identify 
the function of each component. Use 
the results previously found as appro- 
priate. 
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In amplitude modulation (AM), the amplitude of a higher-frequency carrier signal is varied by a 
lower-frequency modulating signal (usually an audio signal). 

A basic superheterodyne AM receiver consists of an RF amplifier (not always), a mixer, a local 
oscillator, an IF (intermediate frequency) amplifier, an AM detector, and audio and power 
amplifiers. 

The IF in a standard AM receiver is 455 kHz. 

The AGC (automatic gain control) in a receiver tends to keep the signal strength constant within 
the receiver to compensate for variations in the received signal. 

In frequency modulation (FM), the frequency of a carrier signal is varied by a modulating 

signal. 

A superheterodyne FM receiver is basically the same as an AM receiver except that it requires a 
limiter to keep the IF amplitude constant, a different kind of detector or discriminator, and a 
deemphasis network. The IF is 10.7 MHz. 

A four-quadrant linear multiplier can handle any combination of voltage polarities on its inputs. 

Amplitude modulation is basically a multiplication process. 

The multiplication of sinusoidal signals produces sum and difference frequencies. 

The output spectrum of a balanced modulator includes upper-side and lower-side frequencies, 

but no carrier frequency. 

The ourput spectrum of a standard amplitude modulator includes upper-side and lower-side 

frequencies and the carrier frequency. 

A linear multiplier is used as the mixer in receiver systems. 

A mixer converts the RF signal down to the IF signal. The radio frequency varies over the AM 
or FM band. The intermediate frequency is constant. 

One type of AM demodulator consists of a multiplier followed by a low-pass filler. 

The audio and power amplifiers boost the output of the detector or discriminator and drive the 
speaker. 

A voliage-conlrolled oscillator (VCO) produces an output frequency that can be varied by a 
control voltage. Its operation is based on a variable reactance. 

A VCO is a basic frequency modulator when the modulating signal is applied to the control 
voltage input. 

A phase-locked loop (PLL) is a feedback circuit consisting of a phase detector, a low-pass filter, 
a VCO, and sometimes an amplifier. 

The purpose of a PLL is to lock onto and track incoming frequencies. 

A linear multiplier can be used as a phase detector. 

A modem is a modulator/demodulator. 

DTE stands for digital terminal equipment. 

DCE stands for digital communications equipment. 



Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Amplitude modulation (AM) A communication method in which a lower-frequency signal modu- 
lates (varies) the amplitude of a higher-frequency signal (carrier). 

Balanced modulation A form of amplitude modulation in which the carrier is suppressed; sometimes 
known as suppressed-carrier modulation. 

Capture range The range of frequencies over which a PLL can acquire lock. 

Four-quadrant multiplier A linear device that produces an output voltage proportional to the prod- 
uct of two input voltages. 

Freqency modulation (FM) A communication method in which a lower-frequency intelligence- 
carrying signal modulates (varies) the frequency of a higher-frequency signal. 
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Lock range The range of frequencies over which a PLL can maintain lock. 

Mixer A device for clown-converting frequencies in a receiver system. 

Phase-locked loop (PLL) A device for locking onto and tracking the frequency of an incoming signal. 
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CIRCUIT-ACTION QUIZ 



Answers are at the end of the chapter. 



1. Iffl, in Figure 17-11 is increased in value, the output voltage of the multiplier will 
(a) increase (b) decrease (c) not change 

2. If R, in Figure 17-11 is decreased in value, the output voltage will 
(a) increase (b) decrease (c) not change 

3. Refer to Figure 17-26. If the amplitude modulating frequency is increased, the lower-side 
frequency will 

(a) increase (b) decrease (c) not change 

4. Refer to Figure 17-26. If the carrier frequency is decreased, the upper-side frequency will 
(a) increase (b) decrease (c) not change 

5. In amplitude modulation, if the amplitude of the modulating signal increases, the carrier 
frequency will 

(a) increase (b) decrease (c) not change 

6. If a resistor is added in series with C, in Figure 1 7-39. the voltage gain will 
(a) increase (b) decrease (c) not change 

7. If R, in Figure 17 51 is increased in value, the oscillation frequency will 
(a) increase (b) decrease (c) not change 

8. If C, in Figure 17-51 is decreased in value, the lock range will 
(a) increase (b) decrease (c) not change 
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Answers are at the end of the chapter. 



1. In amplitude modulation, the pattern produced by the peaks of the earner signal is called the 
(a) index (b) envelope (c) audio signal (d) upper side frequency 

2. Which of the following is not a part of an AM superheterodyne receiver? 
(a) Mixer (b) IF amplifier (c) DC restorer 

(d) Detector (c) Audio amplifier (f> Local oscillator 

3. In an AM receiver, the local oscillator always produces a frequency that is above the 
incoming RF by 

(a) 10.7 kHz (b) 455 MHz (c) 10.7 MHz (d) 455 kHz 

4. An FM receiver has an intermediate frequency that is 

(a) in the 88 MHz to 108 MHz range 

(b) in the 540 kHz to 1640 kHz range 

(c) 455 kHz 

(d) greater than the IF in an AM receiver 

5. The detector or discriminator in an AM or an FM receiver 

(a) detects the difference frequency from the mixer 

(b) changes the RF to IF 

(c) recovers the audio signal 

(d) mai mains a constant IF amplitude 

6. In order to handle all combinations of input voltage polarities, a multiplier must have 

(a) four-quadrant capability 

(b) three-quadrant capability 

(c) four inputs 

(d) dual-supply voltages 

7. The internal attenuation of a multiplier is called the 

(a) transconductance (b) scale factor (c) reduction factor 

8. When the two inputs of a multiplier are connected together, the device operates as a 
(a) voltage doubler (b) square root circuit 

(c) squaring circuit (d) averaging circuit 

9. Amplitude modulation is basically a 

(a) summing of two signals (b) multiplication of two signals 

(c) subtraction of two signals (d) nonlinear process 

10. The frequency spectrum of a balanced modulator contains 

(a) a sum frequency (b) a difference frequency (c) a carrier frequency 

(d) answers (a), (b), and (c) (c) answers (a) and (b) (f) answers (b) and (c) 

1 1. The IF i n a receiver is the 

(a) sum of the local oscillator frequency and the Rf- earner frequency 

(b) local oscillator frequency 

(c) difference of the local oscillator frequency and the carrier RF frequency 

(d) difference of the carrier frequency and the audio frequency 

12. When a receiver is tuned from one RF frequency to another, 

(a) the IF changes by an amount equal to the LO (local oscillator) frequency 

(b) the IF stays the same 

(c) the LO frequency changes by an amount equal to the audio frequency 

(d) both the LO and the IF frequencies change 

13. The output of the AM detector goes directly to the 

(a) IF amplifier (b) mixer (c) audio amplifier (d) speaker 
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PROBLEMS 



14. If the control voltage to a VCO increases, the output frequency 
(a) decreases (b) does not change (c) increases 

15. A PLL maintains lock by comparing 

(a) the phase of two signals 

(b) the frequency of two signals 

(c) the amplitude of two signals 



Answers to all odd-numbered problems are at the end of the book. 



BASIC PROBLEMS 
SECTION 17-1 Basic Receivers 

1. Label each block in the AM receiver in Figure 17-59. 



FIGURE 17-59 



w 



2. Label each block in the FM receiver in Figure 17-60 



FIGURE 17-60 



V 



< 



3. An AM receiver is tuned to a transmitted frequency of 680 kHz. What is the local oscillator 
(LO) frequency? 

4. An FM receiver is tuned to a transmitted frequency of 97.2 MHz. What is the LO frequency? 

5. The LO in an FM receiver is running at 10 1 .9 MHz. What is the incoming RF? Whal is the IF? 



SECTION 17-2 



The Linear Multiplier 

6. From the graph in Figure 1 7-6 1 . determine the mu Itipl ier output voltage for each of the 
following pairs of input voltages. 

(a) V x = -4 V, V y = +6 V (b) V x = +8 V. V Y = -2 V 

(c) V X = -5V, V r =-2\ (d) V X =+I0V, V,,= +I0V 
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FIGURE 17-61 




-10 



-10 -8.0 -6.0 -4.0 2.0 +2.0 +4.0 +6.0 +8.0 +10 
V%. input voltage (volts) 



7. How much pin 3 current is there for the multiplier in Figure 17-62? The potentiometer is set 
at 2.8 kfl. 

8. Determine the scale factor for Ihe multiplier in Figure 1 7-62. 



FIGURE 17-62 
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12 kfl 



14 
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-o+l2 V 



6.8 kfl 



9. If a certain multiplier has a scale factor of 0.8 and the inputs are +3.5 V and —2.9 V, what is 
the output voltage? 

10. Show the connections for the multiplier in Figure 17-62 in order to implement a squaring 
circuit. 
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11. Determine the output voltage for each circuit in Figure 17-63 



FIGURE 17-63 




our 



-3.2 V 



(b> 




AT = 0.1 
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(d) 



K = V.l 



SECTION 17-3 Amplitude Modulation 

12. If a 100 kHz signal and a 30 kHz signal are applied to a balanced modulator, what frequencies 
will appear on the output? 

13. What are the frequencies on the output of the balanced modulator in Figure 17-64? 



FIGURE 17-64 
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14. If a 1 000 kHz signal and a 3 kHz signal are applied to a standard amplitude modulator, what 
frequencies will appear on the output? 

15. What are the frequencies on the output of the standard amplitude modulator in Figure 17-65? 
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FIGURE 17-65 
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Standard amplitude 
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10/zs 

16. The frequency spectrum in Figure 1 7-66 is for the output of a standard amplitude modulator. 
Determine the carrier frequency and the modulating frequency. 

FIGURE 17-66 



1 .1955 MHz 1 .2 MHz 1.2045 MHz 

17. The frequency spectrum in Figure 17-67 is for the output of a balanced modulator. Determine 
the carrier frequency and the modulating frequency. 

FIGURE 17-67 



847 kHz 



853 kHz 



18. A voice signal ranging from 300 Hz to 3 kHz amplitude modulates a 600 kHz carrier. Develop 
the frequency spectrum. 

SECTION 1 7-4 The Mixer 

19. Determine the output expression for a multiplier with one sinusoidal input having a peak 
voltage of 0.2 V and a frequency of 2200 kHz and the other input having a peak voltage of 
0. 1 5 V and a frequency of 3300 kHz. 

20. Determine the output frequency of the IF amplifier for the frequencies shown in Figure 17-68. 



FIGURE 17-68 
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SECTION 17-5 AM Demodulation 

21. The input to a certain AM receiver consists of a 1500 kHz carrier and two side frequencies 
separated from the carrier by 20 kHz. Determine the frequency spectrum at the output of the 
mixer amplifier. 

22. For the same conditions stated in Problem 21. determine the frequency spectrum at the output 
of the IF amplifier. 

23. For the same conditions stated in Problem 21, determine the frequency spectrum at the output 
of the AM detector (demodulator). 

SECTI ON 1 7 -6 IF and Audio Amplifiers 

24. For a carrier frequency of 1 .2 MHz and a modulating frequency of 8.5 kHz, list all of the 
frequencies on the output of the mixer in an AM receiver. 

25. In a certain AM receiver, one amplifier has a passband from 450 kHz to 460 kHz and another 
has a passband from 10 Hz to 5 kHz. Identify these amplifiers. 

26. Determine the maximum and minimum output voltages for the audio power amplifier in 
Figure 17-69. 



FIGURE 17-49 




SECTION 17-7 Frequency Modulation 

27. Explain how a VCO is used as a frequency modulator. 

28. How does an FM signal differ from an AM signal? 

29. What is the variable reactance element shown in Figure 17-42? 

SECTION 17-8 The Phase-Locked Loop (PLL) 

30. Label each block in the PLL diagram of Figure 17-70. 



FIGURE 17-70 
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FIGURE 17-71 



31. A PLL is locked onio an incoming signal with a peak amplitude of 250 mV and a frequency of 
10 MHz at a phase angle of 30". The 400 mV peak VCO signal is al a phase angle of 15°. 

(a) What is the VCO frequency? 

(b) What is the value of the control voltage being fed back to the VCO at this point? 

32. What is the conversion gain of a VCO if a 0.5 V increase in the control voltage causes the 
output frequency to increase by 3.6 kHz? 

33. If the conversion gain of a certain VCO is 1 .5 kHz per volt, how much does the frequency 
change if the control voltage increases 0.67 V? 

34. Name two conditions for a PLL to acquire lock. 

35. Determine the free-running frequency, the lock range, and the capture range for the PLL in 
Figure 17-71. 



FM input O- 




O Demodulated 
output 



3.9 kil 
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SECTION REVIEWS 

Basic Receivers 

1. AM is amplitude modulation. FM is frequency modulation. 

2. In AM, the modulating signal varies the amplitude of a carrier. In FM, the modulating signal 
varies the frequency of a carrier. 

3. AM: 540 kHz to 1640 kHz: FM: 88 MHz to 108 MHz 



SECTION 17 2 The Linear Multiplier 

1. A four-quadrant multiplier can handle any combination (4) of positive and negative inputs. A 
one-quadrant multiplier can only handle two positive inputs, for example. 

2. K - 0.1. K must be 1 for an output of 5 V. 

3. Connect the two inputs together and apply a single input variable. 



SECTION 17-3 



Amplitude Modulation 

1. Amplitude modulation is the process of varying the amplitude of a carrier signal with a 
modulating signal. 

2. Balanced modulation produces no carrier frequency on the output, whereas standard AM does. 

3. The carrier signal is the modulated signal and has a sufficiently high frequency for 
transmission. The modulating signal is a lower- frequency signal that contains information and 
varies the carrier amplitude according lo its waveshape. 
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SECTION 1 7-4 



SECTION 17-5 



SECTION 1 7-6 



4, The upper-side frequency is the sum of the carrier frequency and the modulating frequency. 
The lower-side frequency is the difference of the carrier frequency and the modulating 
frequency. 

5. By summing the peak carrier voltage and the modulating signal before mixing with the 
carrier signal 

The Mixer 

1. The mixer produces (among other frequencies) a signal representing the difference between 
the incoming earner frequency and the local oscillator frequency. This is called the 
intermediate frequency. 

2. The mixer multiplies the carrier and the local oscillator signals. 

3. 1000 kHz + 350 kHz = 1 350 kHz, 1000 kHz - 350 kHz = 650 kHz 

AM Demodulation 

1. The filter removes all frequencies except the audio. 

2. Only the I kHz 

IF and Audio Amplifiers 

1. To amplify the 455 kHz amplitude modulated IF coming from the mixer 

2. The IF center frequency is 455 kHz. 

3. The 10 kHz bandwidth allows the upper-side and lower-side frequencies that contain the 
information to pass. 

4. The audio amplifier follows the detector because the detector is the ci rcuit that recovers the 
audio from the modulated IF. 

5. The IF has a response of approximately 455 kHz ± 5 kHz. The typical audio amplifier has a 
maximum bandwidth from tens of hertz up to about 15 kHz although for many amplifiers, the 
bandwidth can be much less than this typical maximum. 

SECTION 17-7 Frequency Modulation 

1. The frequency variation of an FM signal bears the information. 

2. VCOs are based on the principle of voltage-variable reactance. 

SECTION 17-8 The Phase-Locked Loop (PLL) 

1 . Phase detector, low-pass filter, and VCO 

2. Sometimes a PLL uses an amplifier in the loop. 

3. A PLL locks onto and tracks a variable incoming frequency. 

4. The lock range specifies how much a lock-on frequency can deviate without the PLL losing 
lock. The capture range specifies how close the incoming frequency must be from the free- 
running VCO frequency in order for the PLL to lock. 

5. The PLL detects a change in the phase of the incoming signal compared to the VCO signal 
thai indicates a change in frequency. The positive feedback then causes the VCO frequency to 
change along with the incoming frequency. 



RELATED PROBLEMS FOR EXAMPLES 

17-1 -3.6 V from the graph in Figure 17-9 

17-2 0.728 V 

17-3 Modulate the carrier with a higher-frequency signaL 

17-4 The balanced modulator output has the same side frequencies but does not have a carrier 
frequency. 

17-5 V p = 0.025 raV,/ = 455 kHz 
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17-6 455 kHz 

17-7 0.172 V 

17-8 A decrease of 6 kHz; 244 kHz 

1 7-9 Decrease C 2 to 0.0595 /xF 

CIRCUIT-ACTION QUIZ 

l.(a) 2.(b) 3.(b) 4.(b) 5. (c) 6. (b) 7. (b) 8. (a) 



8- (c) 



SELF-TEST 












1. (b) 2. (c) 


3.(d) 


4.(d) 


5..c) 


6. fa) 


7.(b) 


9.(b) 10. (e) 


11. (c) 


12. (b) 


13. (c) 


14. (c) 


15. (a) 




VOLTAGE REGULATORS 



INTRODUCTION 



A voltage regulator provides a constant dc output voltage 
that h essentially independent of the input voltage, output 
load current, and temperature. The voltage regulator is one 
part of a power supply. Its input voltage comes from the 
filtered output of a rectifier derived from an ac voltage or 
from a battery in the case of portable systems. 

Most voltage regulators fall into two broad categories: 
linear regulators and switching regulators. In the linear 
regulator category, two general types are the series regulator 
and the shunt regulator. These are normally available for 
either positive or negative output voltages. A dual regulator 
provides both positive and negative outputs. In the switching 
regulator category, three general configurations are step- 
down, step-up, and inverting. 

Many types of integrated circuit (IC) regulators are 
available. The most popular types of linear regulator are the 
three-terminal fixed voltage regulator and the three-terminal 
adjustable voltage regulator. Switching regulators are also 
widely used. In this chapter, specific IC devices are introduced 
as representative of the wide range of available devices. 



CHAPTER OUTLINE 



18-1 
18-2 
18-3 
18-4 
18-5 
18-6 



Voltage Regulation 
Basic Series Regulators 
Basic Shunt Regulators 
Basic Switching Regulators 
Integrated Circuit Voltage Regulators 
Applications of IC Voltage Regulators 
System Application 




CHAPTER OBJECTIVES 



Describe the basic concept of voltage regulation 
Discuss the principles of series voltage regulators 
Discuss the principles of shunt voltage regulators 
Discuss the principles of switching regulators 
Discuss integrated circuit voltage regulators 
Discuss applications of \C voltage regulators 



KEY TERMS 



Regulator 
Line regulation 
Load regulation 
Linear regulator 
Switching regulator 
Thermal overload 



SYSTEM APPLICATION PREVIEW 



A dual-polarity power supply is to be used for the FM 
receiver from Chapter 1 5. Two regulators, one positive and 
the other negative, provide the positive voltage required for 
the receiver circuits and the dual-polarity voltages for the 
op-amp circuits. 



VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 

http://www.pren hall.com/floyd 
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18-1 VOLTAGE REGULATION 



Two basic categories of voltage regulation are line regulation and load regulation. The 
purpose of line regulation is to maimain a nearly constant output voltage when the 
input voltage varies. The purpose of load regulation is to maintain a nearly constant 
output voltage when the load varies. 

After completing this section, you should be able to 

■ Describe the basic concept of voltage regulation 

■ Explain line regulation 

■ Calculate line regulation 

■ Explain load regulation 

■ Calculate load regulation 



Equation 18-1 



Equation 1S-2 



Line Regulation 

When the dc input (line) voltage changes, an electronic circuit called a regulator maintains 
a nearly constant output voltage, as illustrated in Figure 18-1. Line regulation can be de- 
fined as the percentage change in the output voltage for a given change in the input (line) 
voltage. When taken over a range of input voltage values, line regulation is expressed as a 
percentage by the following formula: 



Line regulation = 



AV. 



OUT 



AV„ 



100% 



Line regulation can also be expressed in units of %/V. For example, a line regulation of 
0.05%/V means that the output voltage changes 0.05 percent when the input voltage in- 
creases or decreases by one volt. Line regulation can be calculated using the following for- 
mula (A means "a change in"*): 



Line regulation = 



(AWV aT )100% 



AV, 



IN 



FIGURE 1S-1 



Line regulation. A change in input 
(line) voltage does not significantly 
affect the output voltage of a 
regulator (within certain limits). 
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EXAMPLE 18-1 



When the input lo a particular voltage regulator decreases by 5 V, the output decreases 
by 0.25 V. The nominal output is 15 V. Determine the line regulation in %/V. 



Solution The line regulation as a percentage change per volt is 

(AU WT /V olT )100% (0.25 V/15 V)100% 



line regulation = 



AV, K 



5V 



= 0.333 %/V 



Related Problem " The input of a certain regulator increases by 3.5 V. As a result, the output voltage 
increases by 0.42 V. The nominal output is 20 V. Determine the regulation in %/V. 

'Answers are at the end of the chapter. 



Load Regulation 

When the amount of current through a load changes due to a varying load resistance, the 
voltage regulator must maintain a nearly constant output voltage across the load, as illus- 
trated in Figure 18-2. 
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FIGURE 18-2 



Load regulation. A change in load 
current has practically no effect on 
the output voltage of a regulator 
(within certain limits). 
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Load regulation can be defined as the percentage change in output voltage for a given 
change in load current. One way to express load regulation is as a percentage change in out- 
put voltage from no-load (NL) lo full-load (FL). 



Load regulation = 



V NL - Vp 



1000,. 



'FL 



Alternately, the load regulation can be expressed as a percentage change in output volt- 
age for each mA change in load current. For example, a load regulation of 0.01%/mA 
mean.-? that the output voltage changes 0.01 percent when the load current increases or de- 
creases 1 mA. 



Equation 18—3 
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EXAMPLE 18-2 



Related Problem 



A certain voltage regulator has a 1 2 V output when there is no load (i L = 0). When 
there is a full-load current of 10 mA, the output voltage is 1 1 .9 V. Express the voltage 
regulation as a percentage change from no-load to full-load and also as a percentage 
change for each mA change in load current. 



Solution The no-load output voltage is 



The full-load output voltage is 



V N . = 12 V 



V FL = 1 1 .9 V 



The load regulation as a percentage change from no-load to full -load is 



load regulation = 



Kn - Vp 



100% = 



12V - 11.9V 



100% = 0.844) % 



V, L } \ 11.9 V 

The load regulation can also be expressed as a percentage change per milliamp as 

0.840% 



load regulation = 



= 0.084% /mA 



10 mA 
where the change in load current from no-load to full-load is 10 mA. 

A regulator has a no-load output voltage of 18 V and a full-load output of 17.8 V at a 
load current of 50 mA. Determine the voltage regulation as a percentage change from 
no-load to full-load and also as a percentage change for each mA change in load 
current. 



Sometimes power supply manufacturers specify the equivalent output resistance of a 
power supply </?out) instead of its load regulation. Recall that an equivalent Thevenin cir- 
cuit can be drawn for any two-terminal linear circuit. Figure 18-3 shows the equivalent 
Thevenin circuit for a power supply with a load resistor. The Thevenin voltage is the volt- 
age from the supply with no load ( V NL ), and the Thevenin resistance is the specified output 
resistance, Rquj. Ideally, Molt is zero, corresponding to 0% load regulation, but in practi- 
cal power supplies Ro V1 is a small value. With the load resistor in place, the output voltage 
is found by applying the voltage-divider rule: 



Volt = V N 



Rl 



"out + R/- 



riGURE 18-3 



Thevenin equivalent circuit for a 
power supply with a load resistor. 
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If we lei /?fl equal the smallest-rated load resistance (largest-rated current), then the full- 
load output voltage (Vfl) is 



Vr = V, 



NL 



A', 



FI 



^nirr + R\ 



n 
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By rearranging and substituting into Equation 1 8-3. 



V NL = Vpl 



II 



1- 



Load regulation = 



'pi 



ft, 



Fl 



Rout + ^fl 



- V, 



FL 



x ioo% 



- 1 1 100% 



Load regulation = (-^)]00% 

Equation 18-4 is a useful way of finding the percent load regulation when the output re- 
sistance and minimum load resistance are specified. 



Equation 1 8-4 



SECTION 18-1 
REVIEW 

Answers are at the end 
of the chapter. 



1. Define line regulation. 

2. Define load regulation. 

3. The input of a certain regulator increases by 3.5 V. As a result, the output voltage 
increases by 0.042 V. The nominal output is 20 V. Determine the line regulation in 
both % and in %/V. 

4. If a 5.0 V power supply has an output resistance of 80 mil and a specified maximum 
output current of 1.0 A, what is the load regulation? Give the result as a % and as a 
%/mA. 



18-2 BASIC SERIES REGULATORS 

The fundamental classes of voltage regulators are linear regulators and switching 
regulators. Both of these are available in integrated circuit form. There are two basic 
types of linear regulator. One is the series regulator and the other is the shunt regulator. 
In this section, we will look at the series regulator. The shunt and switching regulators 
are covered in the next two sections. 

After completing this section, you should be able to 

■ Discuss the principles of series voltage regulators 

■ Explain regulating action 

■ Calculate output voltage of an op-amp series regulator 

■ Discuss overload protection and explain how to use current limiting 

■ Describe a regulator with fold-back current limiting 



A simple representation of a series type of linear regulator is shown in Figure 1 8-4(a), t^tt:. 
and the basic components are shown in the block diagram in Figure 1 8-4(b). The control 
element is a pass transistor in series with the load between the input and output. The out- 
put sample circuit senses a change in the output voltage. The error detector compares the 
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FIGURE 18-4 
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Simple series voltage regulator and block diagram. 

sample voltage with a reference voltage and causes the control element to compensate in 
order to maintain a constant output voltage. A basic op-amp series regulator is shown in 
Figure 18-5. 



FIGURE 18-5 



Control element 



Basic op-amp series regulator. 



VtK O 




Regulating Action 

The operation of the series regulator is illustrated in Figure 18-6 and is as follows. The re- 
sistive voltage divider formed by R 2 and R 3 senses any change in the output voltage. When 
the output tries to decrease, as indicated in Figure 1 8-6(a), because of a decrease in V| N or 
because of an increase in /, caused by a decrease in R L . a proportional voltage decrease is 
applied to the op-amp's inverting input by the voltage divider. Since the zener diode (D,) 
holds the other op- amp input at a nearly constant reference voltage, Vrq.-, a small difference 
voltage (error voltage) is developed across the op-amp's inputs. This difference voltage is 
amplified, and the op-amp's output voltage, V B , increases. This increase is applied to the 
base of Q t , causing the emitter voltage V 0L!T to increase until the voltage to the inverting in- 
put again equals the reference (zener) voltage. This action offsets the attempted decrease in 
output voltage, thus keeping it nearly constant. The power transistor, Q lt is usually used 
with a heat sink because it must handle all of the load current. 

The opposite action occurs when the output tries to increase, as indicated in Figure 
1 8-6(b). The op-amp in the series regulator is actually connected as a noninverting ampli- 
fier where the reference voltage V REF is the input at the noninverting terminal, and the R 2 IR 3 
voltage divider forms the negative feedback circuit. The closed-loop voltage gain is 

R -> 
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DeiTCase 



Increase 





(a) When l' IN or R L decreases, V uirr attempts to decrease. The feedback 
voltage. V FB . also attempts to decrease, and as a result, the op-amp*s 
output voltage V B attempts to increase, thus compensating for the 
attempted decrease in V 0UT by increasing the Q t emitter voltage. 
Changes in Votrr are exaggerated lor ill ustration. 

When V| N (or R L ) stabilizes at its new lower value, the voltages 
return to their original values, thus keeping Vgy-j- constant as a result 
of the negative feedback. 

FIGURE 18-6 



(b) When V|N or R L increases, V OLfr attempts to increase. The feedback 
voltage, V FB , also attempts to increase, and as a result, V B , applied to 
the base of the control traasistor. attempts to decrease, thus 
compensating for the attempted increase in Vqut by decreasing the Q\ 
emitter voltage. 

When V )N (or R t ) stabilises at its new higher value, the voltages 
return to their original values, thus keeping Vqct constant as a 
result of the negative feedback. 



Illustration of series regulator action that keeps V oul constant when V ( n orfi, changes. 



Therefore, the regulated output voltage of the series regulator (neglecting the base-emiuer 
voltage of (9|) is 



V n 



l + ^, lv 



Equation 18-5 



From this analysis, you can see that the output voltage is determined by the zener volt- 
age and the resistors R? and R 3 . It is relatively' independent of the input voltage, and there- 
fore, regulation is achieved (as long as the input voltage and load current are within 
specified limits). 




Determine the output voltage for the regulator in Figure 1 8-7. 



FIGURE 18-7 
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Solution V REF = 5.1 V, the zener voltage. The regulated output voltage is therefore 

Voiii = ( I + ^Vref = ( 1 + £r!$Vl V = (2)5.1 V - 10.2 V 



R, 



IQkfl 



Related Problem The following changes are made in the circuil in Figure 1 8-7: A 3.3 V zener replaces the 
5. 1 V zener, /?, = 1 .8 kfl. R ? - 22 left, and /?, = 1 8 kO. What is the output voltage? 




Open the Multisim file El 8-03 in the Examples folder on your CD-ROM. Measure 
the output voltage with 15 V dc applied to the input. Compare to the calculated 

value. 



Short-Grcuit or Overload Protection 

If an excessive amount of load current is drawn, the series-pass transistor can be quickly 
damaged or destroyed. Most regulators use some type of excess current protection in the 
form of a current-limiting mechanism. Figure 18-8 shows one method of current limiting 
to prevent overloads called constant-current limiting. The current-limiting circuit consists 
of transistor Q 2 and resistor R 4 . 



FIGURE 18-8 



Series regulator with constant- 
current limiting. 



l ir-° 




O V'„ 



The load current through /?,, produces a voltage from base to emitter of Qj. When / L 
reaches a predetermined maximum value, the voltage drop across R 4 is sufficient to 
forward-bias the base-emitter junction of Q 2 , thus causing it to conduct. Enough op- 
amp output current is diverted through Q 2 to reduce the Q, base current, so that / L is 
limited to its maximum value, l\_ lmm) . Since the base-to-emitter voltage of Q 2 cannot 

exceed approximately 0.7 V for a silicon transistor, the voltage acioss R 4 is held to this 

value, and the load current is limited to 



Equation 1 8-6 



'l 



(rna*) 



0.7 V 
R, 
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Determine the maximum current that the regulator in Figure 1 8-9 can provide to a load. 



FIGURE 1S-9 



V K o 




Solution 



l 



0.7 V 0.7 V 



L(max) 



R, 1.0 fi 



= 0.7 A 



Related Problem If the output of the regulator in Figure 1 8-9 is shorted, what is the current? 



Regulator with Fold-Back Current Limiting 

In the previous current-limiting technique, the current is restricted to a maximum constant 
value. Fold-back current limiting is a method used particularly in high-current regulators 
whereby the output current under overload conditions drops to a value well below the peak 
load current capability to prevent excessive power dissipation. 

The basic concept of fold-back current limiting is as follows, with reference to Figure 
18-10. The circuit in the blue-shaded area is similar to the constant current-limiting 
arrangement in Figure 18-8, with the exception of resistors R 5 and R 6 . The voltage drop de- 
veloped across R 4 by the load current must not only overcome the base-emitter voltage re- 
quired to turn on Q 7 , but it must also overcome the voltage across R 5 . That is, the voltage 
across /?, must be 



v« = v RS + v. 



^BE 



+ l'.,v O 




FIGURE 18-10 



o V,„ -( Series regulator with fold-back 
current limiting. 
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In an overload or short-circuit condition, the load current increases to a value. / Un , ax) , thai 
is sufficient to cause Q 2 to conduct- At this point the current can increase no further. The 
decrease in output voltage results in a proportional decrease in the voltage across R 5 ; thus, 
less current through R 4 is required to maintain the forward-biased condition of Q\. So, as 
Vnirr decreases, I, decreases, as shown in the graph of Figure 18-11. 



FIGURE 18-11 



Fold-back current limiting (output 
voltage versus load current). 




Load current 



shun circuit 'Uinv 



The advantage of this technique is that the regulator is allowed to operate with peak load 
current up to / L(n uix>; but when the output becomes shorted, the current drops to a lower value 
to prevent overheating of the device. 



SECTION 18-2 

REVIEW ^' What are *he basic components in a series regulator? 

2. A certain series regulator has an output voltage of 8 V. If the op-amp's closed loop 
gain is 4, what is the value of the reference voltage? 



18-3 BASIC SHUNT REGULATORS 



The second basic type of linear voltage regulator is the shunt regulator. As you have 
learned, the control element in the series regulator is the series pass transistor. In the 
shunt regulator, the control element is a transistor in parallel (shunt) with the load. 

After completing this section, you should be able to 

■ Discuss the principles of shunt voltage regulators 

■ Describe the operation of a basic op-amp shunt regulator 

■ Compare series and shunt regulators 



A simple representation of a shunt type of linear regulator is shown in Figure 1 8- 1 2(a), 
and the basic components are shown in the block diagram in part (b). 

In the basic shunt regulator, the control element is a transistor, Q x , in parallel with the 
load, as shown in Figure 18-13. A resistor, /?,, is in series with the load. The operation of 
the circuit is similar to that of the series regulator, except that regulation is achieved by con- 
trolling the current through the parallel transistor Q t . 

When the output voltage tries to decrease due to a change in input voltage or load cur- 
rent caused by a change in load resistance, as shown in Figure 1 8- 1 4(a), the attempted de- 
crease is sensed by R 3 and r? 4 and applied to the op-amp's noninverting input. The resulting 
difference voltage reduces the op-amp's output f V B ), driving Q t less, thus reducing its col- 
lector current (shunt current) and increasing its effective collector-to-emitter resistance, r£ £ . 



(a) 






Shun! 
regulator 



zr 



FIGURE 18-12 
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t, x o- 



Simple shunt regulator and block diagram. 
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voltage 



Error 
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Control 
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(b) 



Sample 

circuit 



-oV'n 



> IN O 




FIGURE 18-13 



Basic op-amp shunt regulator wfth 

load resi5tor. 



Decrenses 




Increases 



(a) Response lo a decrease in W (N or R L 
FIGURE 18-14 




(bl Response lo an increase in V m or R L 



Sequence of responses when V OUT tries to decrease as a result of a decrease in R t or V (r . (opposite 
responses for an attempted increase). 
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Equation 18-7 



Since fa acts as a voltage divider with /?,. this action offsets the attempted decrease in V om 
and maintains it at an almost constant level. 

The opposite action occurs when the output tries to increase, as indicated in Figure 
18- 14(b). With /, and V olT constant, a change in the inpu( voltage produces a change in 
shunt current (/ s ) as follows (A means "a change in' 4 ): 



A/ s = 



AVj, 



With a constant V !N and Vout> a change in load current causes an opposite change in shunt 
cunent. Tf 7 r increases, 7 S decreases, and vice versa. 

A/ s = -A/ L 

The shunt regulator is less efficient than the series type but offers inherent short-circuit 
protection. If the output is shorted (V ollT = 0), the load current is limited by the series re- 
sistor /?, to a maximum value as follows (/ s = 0). 



V, 



IN 



'L(rnax) 



Ki 



EXAMPLE 18-5 



In Figure 18—15, what power rating must /?, have if the maximum input voltage is 1 2.5 V? 



FIGURE 18-15 
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Solution The worst-case power dissipation in R, occurs when the output is short-circuited and 
V OUT - 0. When V w = 12.5 V, the voltage dropped across /?, is 



V»l = V TO - Voirr = 12.5 V 



The power dissipation in r?| is 



P m = 



VI 



(12.5 V) 2 



= 7.10 W 



/?, 22 ft 

Therefore, a resistor with a rating of at least 10 W should be used. 

Related Problem In Figure 18-15,/?, is changed to 33 ft. What must be the power rating of/?, if the 
maximum input voltage is 24 V? 



B 



Open die Multisim file El 8-05 in the Examples folder on your CD-ROM. Measure 
the output voltage with 15 V applied to the input. 
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| SECTION 18-3 
I REVIEW 



1. How does the control element in a shunt regulator differ from that in a series 
regulator? 

2. What ii one advantage of a shunt regulator over a series type? What is a 
disadvantage? 



1«-4 BASIC SWITCHING REGULATORS 

The two types of linear regulators, series and shunt, have control elements (transistors) 
that are conducting all the time, with the amount of conduction varied as demanded by 
changes in the output voltage or current. The switching regulator is different because 
the control element operates as a switch. 

After completing this section, you should be able to 

■ Discuss the principles of switching regulators 

■ Describe the step-down configuration of a switching regulator 

■ Determine the output voltage of the step-down configuration 

■ Describe the step-up configuration of a switching regulator 

■ Describe the voltage-inverter configuration 



A greater efficiency can be realized with a switching type of voltage regulator than with 
the linear types because the transistor is not always conducting. Therefore, switching reg- 
ulators can provide greater load currents at low voltage than linear regulators because the 
control transistor doesn't dissipate as much power. Three basic configurations of switching 
regulators are step-down, step-up. and inverting. 



Step-Down Configuration 

In the step-down configuration, the output voltage is always less than the input voltage. A 
basic step-down switching regulator is shown in Figure 1 8-1 6(a), and its simplified equiv- 
alent is shown in Figure 1 8-1 6(b). Transistor Q, is used to switch the input voltage at a duty 



I'lvO- 
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(a) Typical circuit 
FIGURE 18-16 
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Basic step-down switching regulator. 
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(b) Simplified equivalent circuit 
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cycle that is based on the regulator's load requirement. The LC filter is then used to aver- 
age the switched voltage. Since Q, is either on (saturated) or off. the power lost in the con- 
trol element is relatively small. Therefore, the switching regulator is useful primarily in 
higher power applications or in applications where efficiency is of utmost concern. 

The on and off intervals of Q x are shown in the waveform of Figure 18 -17(a). The ca- 
pacitor charges during the on-time (r^,) and discharges during the off-time (* off ). When the 
on-time is increased relative to the off-time, the capacitor charges more, thus increasing the 
output voltage, as indicated in Figure 18— 17(b). When the on-time is decreased relative to 
the off-time, the capacitor discharges more, thus decreasing the output voltage, as in Figure 
1 8-1 7(c). The inductor further smooths the fluctuations of the output voltage caused by the 
charging and discharging action. 



FIGURE 18-17 



Switching regulator waveforms. The 
V c waveform is shown for no 
inductive filtering to illustrate the 
charge and discharge action (ripple). 
L and C smooth V c to a nearly 
constant level, as indicated by the 
dashed line for Vout- 
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(a) V OUT depends on the duly cycle. 
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(b) Increase the duty cycle and V'Q irr increases. 




(c) Decrease the duty cycle and four decreases. 



Ideally, the output voltage is expressed as 



Equation 18-8 V mT =[j)V m 

7" is the period of the on-off cycle of Q , and is related to the frequency by T= l#. The pe- 
riod is the sum of the on-time and the off-time. 



T=t„ + t 



off 



The ratio iJT is called the duty cycle. 

The regulating action is as follows and is illustrated in Figure 18-18. When V WT tries to 
decrease, the on-time of (2i is increased, causing an additional charge on C to offset the at- 
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FIGURE 18-18 
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decreases 
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Basic regulating action of a step- 
down switching regulator. 



O, 



(a) When V oxrl attempls lo decrease, the on-time of Q, increases. 



l'l\0 




(b) When \' ovt attempts lo increase, the on-lime of Q % decreases. 



tempted decrease. When V ut * T ' te& to mcrease - lne on-time of Q, is decreased, causing the 
capacitor lo discharge enough to offset the attempted increase. 

Step-Up Configuration 

A basic step-up type of switching regulator is shown in Figure 1 8- 19. where transistor Q, 
operates as a switch to ground. 



V ls o~ 
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Variable 
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oscillator 
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D, 



-w- 



+ V„ 



FIGURE T8-19 




Basic step-up switching regulator. 



-ft, 
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The switching action is illustrated in Figures 18-20 and 1 8-2 1 . When Q, turns on, a volt- 
age equal to approximately l^ is induced across the inductor with a polarity as indicated 
in Figure 18-20. During the on-time (f„j of Q x , the inductor voltage, V L , decreases from its 
initial maximum and diode D, is reverse-biased. The longer Q, is on, the smaller V, be- 
comes. During the on-time, the capacitor only discharges an extremely small amount 
through the load. 



FIGURE 18-20 



Basic action of a step-up regulator 
when Q, is on. 



Initially. v L jumps 
to V'iv "hen Q t 
turns on. 



1|\0 



I', decreases 



,N whilef?, is on. 




v_i/ ofl io on 



forging 



FIGURE. 18-21 



Basic switching action of a step-up 
regulator when CJ, turns off. 



>1\0- 




V'y reverses polarity and D, is forward-biased 
v, hen Q, turns off. V, adds to V iN . charging 
C io a volume greater lhan l', N . 
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When <2i turns off, as indicated in Figure 18-21, the inductor voltage suddenly reverses 
polarity and adds to V IN , forward-biasing diode D, and allowing the capacitor to charge. The 
output voltage is equal to (he capacitor voltage and can be larger than V XN because the ca- 
pacitor is charged to V| N plus the voltage induced across the inductor during the off-time of 
<2|. The output voltage is dependent on both the inductor's magnetic field action (deter- 
mined by f„ n ) and the charging of the capacitor (determined by /„„■). 

Voltage regulation is achieved by the variation of the on-time of £>, (within certain lim- 
its) as related to changes in V OUT due to changing load or input voltage. If V an tries to in- 
crease, the on-time of Q, will decrease, resulting in a decrease in the amount that C will 
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charge. If Vqut tries to decrease, the on-time of Q, will increase, resulting in an increase in 
the amount thai C will charge. This regulating action maintains V om at an essentially con- 
stant level. 



Voltage-Inverter Conffguration 

A third type of switching regulator produces an output voltage that is opposite in polarity 
to the input. A basic diagram is shown in Figure 18-22. 
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FIGURE 18-22 



Basic inverting switching regulator 



When <2i turns on, the inductor voltage jumps to approximately V )N — Vce^,, and the 
magnetic field rapidly expands, as shown in Figure 18-23(a). While Q x is on. the diode is 
reverse-biased and the inductor voltage decreases from its initial maximum. When Q, turns 
off. the magnetic field collapses and the inductor's polarity reverses, as shown in Figure 
18-23(b). This forward-biases the diode, charges C, and produces a negative output volt- 
age, as indicated. The repetitive on-off action of Q, produces a repetitive charging and dis- 
charging that is smoothed by the LC filter action. 



+ V| N O 




FIGURE 18-23 



Basic inverting action of an inverting 
switching regulator. 



(a) When Q f is on, D, is reverse-biased 
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(b) When Q t lums off, D, forward biases. 
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FIGURE 18-24 



As with the step-up regulator, the less time Q, is on, the greater the output voltage is, and 
vice versa. This regulating action is illustrated in Figure 18-24. Switching regulator effi- 
ciencies can be greater than 90 percent. 



Basic regulating action of an 
inverting switching regulator. 
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(a) When -Volt tries to decrease. /„„ decreases, causing I \ to increase. This compensates for the attempted 
decrease in -V om , 
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(b) When -Volt W* 5 1o Increase, r nn increases, causing V t to decrease. This compensates for the attempted 
increase in- Vrurr- 



SECTION 18-4 
I REVIEW 



1. What are three types of switching regulators? 

2. What h the primary advantage of switching regulators over linear regulators? 

3. How are changes in output voltage compensated for in the switching regulator? 



1 8-5 INTEGRATED CIRCUIT VOLTAGE REGULATORS 



In the previous sections, the basic voltage regulator configurations were presented. 
Several types of both linear and switching regulators are available in integrated circuit 
(IC) form. Generally, the linear regulators are three-terminal devices that provide 
either positive or negative output voltages that can be either fixed or adjustable. In this 
section, typical linear and switching IC regulators are introduced. 
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After completing this section, yon should be able, to 

■ Discuss integrated circuit voltage regulators 

■ Describe the 78XX series of positive regulators 

■ Describe the 79XX series of negative regulators 

■ Describe the LM3 1 7 adjustable positive regulator 

■ Describe the LM337 adjustable negative regulator 

■ Describe IC switching regulators 

Fixed Positive Linear Voltage Regulators 

Although many types of IC regulators are available, the 78XX series of IC regulators is rep- 
resentative of three-terminal devices that provide a fixed positive output voltage. The three 
terminals are input, output, and ground as indicated in the standard fixed voltage configu- 
ration in Figure 18-25(a). The last two digits in the part number designate the output volt- 
age. For example, the 7805 is a + 5.0 V regulator. Other available output voltages are given 
in Figure 1 8— 25(b) and common packages are shown in part (c). 



Type number Output voltage 



Positive 






78XX 








input 
















Grid 





Positive 

output 



(a) Standard configuration 



7805 


+5.0 V 


7806 


+6.0 V 


7808 


+8.0 V 


7809 


+y.o v 


7812 


+ 12.0 V 


7815 


+15.0 V 


7818 


+18.0 V 


7824 


+24.0 V 


(b) The 78XX series 






Pin 1. Input 

2. Ground 

3. Output 

Heatsink surface 
connected to Pin 2. 



(c) Typical packages 
FIGURE 18-25 



^ 



Heatsink surface (shown as terminal 4 in 
case outline drawing) is connected lo Pin 2. 



The 78XX series three-terminal fixed positive voltage regulators. 



Capacitors, although not always necessary, are sometimes used on the input and ouipul as 
indicated in Figure 1 8-25(a). The output capaci tor acts basically as a line filter to improve tran- 
sient response. The input capacitor is used to prevent unwanted oscillations when the regula- 
tor is some distance from the power supply filter such that the line has a significant inductance. 

The 78XX series can produce output currents up to in excess of 1 A when used with an 
adequate heat sink. The input voltage must be at least 2 V above the output voltage in order 
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to maintain regulation. The circuits; have internal thermal overload protection and short- 
circuit current-limiting features Thprmal overload occurs when the internal power dissi- 
pation becomes excessive and the temperature of the device exceeds a certain value. Almost 
all applications of regulators require thai the device be secured to a heat sink to prevent ther- 
mal overload. 



Negative 

input 



Fixed Negative Linear Voltage Regulators 

The 79XX series is typical of three-terminal 1C regulators that provide a fixed negative out- 
put voltage. This scries is the negative-voltage counterpart of the 78XX series and shares 
most of the same features and characteristics. Figure 18-26 indicates the standard config- 
uration and pari numbers with corresponding output voltages that are available. 



Type number Output voltage 




Negatire 

output 



(a) Standard configuration 



7905 


-5.0 V 


7905.2 


-5.2 V 


7906 


-6.0 V 


7908 


-8.0 V 


7912 


-12.0 V 


7915 


-15.0 V 


7918 


-18.0 V 


7924 


-24.0 V 


(b) The 79XX series 





FIGURE 18-26 



The 79XX series three-terminal fixed negative voltage regulators. 

Adjustable Positive Linear Voltage Regulators 

The LM317 is an example of a three-terminal positive regulator with an adjustable output 
voltage. The standard configuration is shown in Figure 18-27. The capacitors are for de- 
coupling and do not affect the dc operation. Notice that there is an input, an output, and an 
adjustment terminal. The external fixed resistor R, and the external variable resistor R 2 pro- 
vide the output voltage adjustment. V 0UT can be varied from 1.2 V to 37 V depending on 
the resistor values. The LM317 can provide over 1 .5 A of output current to a load. 



FIGURE 18-27 



The LM31 7 three-terminal 
adjustable positive voltage regulator. 
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input 




Positive 

imtpul 



The LM317 is operated as a "floating" regulator because the adjustment terminal is not 
connected to ground, but floats to whatever voltage is across R 2 . This allows the output volt- 
age to be much higher than that of a fixed- voltage regulator. 

Basic Operation As indicated in Figure 1 8-28, a constant 1 ,25 V reference voltage ( V REF ) 
is maintained by the regulator between the output terminal and the adjustment terminal. 
This constant reference voltage produces a constant current (/ RE , ; ) through R,, regardless of 
the value of R 2 . / REF is also through R 7 . 
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FIGURE 18-28 



o + V ol j Operation of the LM3 1 7 adjustable 
voltage regulator. 



'ref ~ 



V REF 1.25 V 



R, 



R, 



There is a very small constant cun"ent at the adjustment terminal of approximately 50 /jlA 
called /^j, which is through R,. A formula for the output voltage is developed as follows. 

KDUT = ^l + KlK = A*EF^I + AtEF^2 + 'ADJ^2 

= W*. + J«2) + 'aDJ*2 = ^(^l +" * 2 ) + W?2 

"I 



As you can see. the output voltage is a function of both /?, and R 2 . Once the value of /?, is 
set, the output voltage is adjusted by varying R,. 



Equation 18-9 




Determine the minimum and maximum output voltages for the voltage regulator in 
Figure 18-29. Assume / ADI = 50 fxA. 



FIGURE 18-29 
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Solution V Kl = Vref = 1 .25 V 

When R 2 is set at its minimum of fl, 



VouT (min , = VrepJ 1 + R J + I AD1 R 2 = 1.25 V(l) = 1.25 V 
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When Ro is set at its maximum of 5 kit. 



V, 



OUT(max) — V KEF 



R 



:. : 1 +^1 : :■' .,/• i :: VI I 



5kn 
220 n 



+ (50/xA)5kll 



= 29.66 V + 0.25 V = 29.9 V 



Related Problem What is the output voltage of the regulator if R 2 is set at 2 kfi? 



Adjustable Negative Linear Voltage Regulators 

The LM337 is the negative output counterpart of the LM3 1 7 and is a good example of this 
type of IC regulator. Like the LM3 17, the LM337 requires two external resistors for output 
voltage adjustment as shown in Figure 18-30. The output voltage can be adjusted from 
— 1 .2 V to —37 V, depending on the external resistor values. The capacitors are for decou- 
pling and do not affect the dc operation. 



FIGURE 18-30 



The LM337 three-terminal 
adjustable negative voltage 
regulator. 
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Switching Voltage Regulators 

As, an example of an IC switching voltage regulator, let's look at the 78S40. This is a uni- 
versal device that can be used with external components to provide step-up, step-down, and 
inverting operation. 

The internal circuitry of the 78S40 is shown in Figure 18-31. This circuit can be com- 
pared to the basic switching regulators that were covered in Section 18-4. For example, 



FIGURE 18-31 



The 78S40 switching regulator. 
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look back at Figure 18- 16(a). The oscillator and comparator functions are directly compa- 
rable. The gate and flip-flop in the 78S40 were not included in the basic circuit of Figure 
18-1 6(a), but they provide additional regulating action. Transistors Q t and Q, effectively 
perform the same function as Q, in the basic circuit. The 1 .25 V reference block in the 
78S40 has the same purpose as the zener diode in the basic circuit, and diode D x in the 
78S40 corresponds to D, in the basic circuit. 

The 78S40 also has an "uncommited" op-amp thrown in for good measure. It is not used 
in any of the regulator configurations. External circuitry is required to make this device op- 
erate as a regulator, as you will see in Section 18-6. 



SECTION 18-5 
REVIEW 



1. What are the three terminals of a fixed-voltage regulator? 

2. What is the output voltage of a 7809? Of a 7915? 

3. What are the three terminals of an adjustable-voltage regulator? 

4. What external componenb are required for a basic LM317 configuration? 



18-6 APPLICATIONS OF IC VOLTAGE REGULATORS 

In the last section, you saw several devices that are representative of the general types 
of IC voltage regulators. Now. several different ways these devices can be modified 
with external circuitry to improve or alter their performance are examined. 

After completing this section, you should be able to 

■ Discuss applications of IC voltage regulators 

■ Explain the use of an external pass transistor 

■ Explain the use of current limiting 

■ Explain how to use a voltage regulator as a constant-current source 

■ Discuss some application considerations for switching regulators 



The External Pass Transistor 

As you know, an IC voltage regulator is capable of delivering only a certain amount of out- 
put current to a load. For example, the 78XX series regulators can handle a peak output 
current of 1.3 A (more under certain conditions). If the load current exceeds the maximum 
allowable value, there will be thermal overload and the regulator will shut down. A ther- 
mal overload condition means thai there is excessive power dissipation inside the device. 
If an application requires more than the maximum current that the regulator can deliver, an 
external pass transistor (2 ex „ can be used. Figure 18-32 illustrates a three-terminal regulator 



V'inO 




FIGURE 18-32 



A 78XX-series three-terminal 
regulator with an external pass 
transistor to increase power 
dissipation. 
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Equation 18-10 



with an external pass transistor for handling currents in excess of the output current capabil- 
ity of the basic regulator. 

The value of the external current-sensing resistor, R exl , determines the value of current at 
which £>„, begins to conduct because it sets the base-to-emitter voltage of the transistor. As 
long as the current is less than the value set by R m , the transistor Q al is off, and the regu- 
lator operates normally as shown in Figure 1 8-33(a). This is because the voltage drop 
across /?„, is less than the 0.7 V base-to-emitter voltage required to turn Q eM on. i? e „ is de- 



termined by the following formula, where ]„ 
lator is to handle internally. 



is the highest current that the voltage regu- 



"*exi 



0.7 V 



When the current is sufficient to produce at least a 0.7 V drop across R e „, the external 
pass transistor Q txx turns on and conducts any current in excess of I mm , as indicated in 
Figure 1 8 -33(b). Q„, will conduct more or less, depending on the load requirements. 
For example, if the total load current is 3 A and / max was selected to be I A, the exter- 
nal pass transistor will conduct 2 A, which is the excess over the internal voltage regu- 
lator current /„„,. 
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(a) When ihe regulator currenl is less than / nlail , the external pass 
transistor is off and ihe regulator is liandling all of the current. 

FIGURE 18-33 



(b) When the load current exceeds /„„, Hie drop across R nl turns 
Q cu on and it conducts llie excess current. 



Operation of the regulator with an external pass transistor. 



EXAMPLE 18-7 



What value is R eil if the maximum current to be handled internally by the voltage regu- 
lator in Figure 18-32 is set at 700 in A? 



Solution 



*e* = 



0.7 V 0.7 V 



L 



0.7 A 



= 1ft 



Related Problem If R eu is changed to 1 .5 ft, at what current value will Q CKI turn on? 



The external pass transistor is typically a power transistor with a heat sink that must be 
capable of handling a maximum power of 



"tut «ext(*IN ^out) 
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What must be the minimum power rating for the external pass transistor used with a 
7824 regulator in a circuit such as that shown in Figure 18—32? The input voltage is 
30 V and the load resistance is 10 fl. The maximum internal current is to be 700 mA. 
Assume lhat there is no heal sink for this calculation. Keep in mind that the use of a 
heat sink increases the effective power rating of the transistor and you can use a lower 
rated transistor. 



Solution The load current is 

, Van 24V 

4= ^r = io7r 2 - 4A 

The current through Q eJi , is 

4* = h ~ Anax = 2.4 A - 0.7 A = 1.7 A 

The power dissipated by Q ea is 

Pcx,,™, = JUfw - four) = (1-7 AW30 V - 24 V) - (1.7 AK6 V) = 10.2 W 

For a safety margin, choose a power transistor with a rating greater than 10.2 W, say at 
least] 5 W. 

Related Problem Rework this example using a 781 5 regulator. 



Current Limiting 

A drawback of die circuit in Figure 18—32 is that the external transistor is not protected from 
excessive current, such as would resull from a shorted output. An additional current- 
limiting circuit (Q| im and R Hm ) can be added as shown in Figure 18 34 to protect Q„, from 
excessive current and possible burn out. 



I'lKO 




FIGURE 18-34 



Regulator with current limiting. 



The following describes the way the current-limiting circuit works. The current- 
sensing resistor R lim sets the V BE of transistor «2i„ ; ,- The base-to-emitter voltage of Q exl is 
now determined by V K - V R because they have opposite polarities. So, for normal op 
eration, the drop across R c „ must be sufficient to overcome the opposing drop across R v , m . 
If the current through Q m exceeds a certain maximum (/ cxMmax) ) because of a shorted out- 
put or a faulty load, the voltage across R lim reaches 0.7 V and turns Q hm on. Q Um now con- 
ducts current through the regulator and away from Q ex „ forcing a thermal overload to 
occur and shut down the regulator. Remember, the IC regulator is internally protected 
from thermal overload as part of its design. 
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This action is illustrated in Figure 18-35. In part (a), the circuit is operating normally 
with C2e XI conducting less than the maximum current that it can handle with Q Um off. Part 
(b) shows what happens when there is a short across the load. The current through Q eu sud- 
denly increases and causes the voltage drop across R,„„ to increase, which turns Q Xm on. 
The current is now diverted through the regulator, which causes it to shut down due to 
thermal overload. 



FIGURE 18-35 



The current-limiting action of the 
regulator circuit 



<0.7V 



'.„</, 



M ^- *c\Uin.-IM 




(a) During normal operation, when the load current is not excessive, Q im is off. 



CD '« > 'c«lma«> 



l 'i\.o 




(b) When short occurs (T). the external current becomes excessive and the voltage across R Kn 
increases (5) and turns on £?u, n (3), which ihen routes current through the regulator and conducts 
it away from Q ci( , causing the internal regulator current to become excessive (4) which forces 
the regulator into thermal shut down. 



A Current Regulator 

The three-terminal regulator can be used as a current source when an application requires 
that a constant current be supplied to a variable load. The basic circuit is shown in Figure 
18-36 where /?, is the current-setting resistor. The regulator provides a fixed constant volt- 



FIGURE 18-36 



The three-terminal regulator as a 
current source. 
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age, V oin , between the ground terminal (not connected to ground in this case) and the out- 
put terminal. This determines the constant current supplied to the load. 

_ *W . 
'l - „ + 'a 

R \ 

The current, / c , from the ground terminal is very small compared to the output current and 
can often be neglected. 



Equation 18-11 




EXAMPLE 1 8-9 



What value of R t is necessary in a 7805 regulator to provide a constant current of I A 
to a variable load that can be adjusted from 1 ft to 10 i I'! 

Solution First, 1 A is within the limits of the 7805 's capability (remember, it can handle at least 
1.3 A without an external pass transistor). 

The 7805 produces 5 V between its ground terminal and its output terminal. 
Therefore, if you want 1 A of current, the current-setting resistor must be (neglecting / G ) 



R, 



• OUT 

/l 



5 V 
1 A 



5ft 



The circuit is shown in Figure 18-37. 



FIGURE 18-37 



A constant-current source of 1 A 
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Related Problem 



[fa 7808 regulator is used instead of the 7805, to what value would you change R t to 
maintain a constant current of I A? 



Switching Regulator Configurations 

In Section 18-5, the 78S40 was introduced as an example of an IC switching voltage reg- 
ulator. Figure 18-38 shows the external connections for a step-down configuration where 
the output voltage is less than the input voltage, and Figure 18-39 shows a step-up config- 
uration in which the output voltage is greater than the input voltage. An inverting configu- 
ration is also possible, but it is not shown here. 

The timing capacitor, C T , controls the pulse width and frequency of the oscillator and 
thus establishes the on-time of transistor Q 2 . The voltage across the current-sensing re- 
sistor, R cs , is used internally by the oscillator to vary the duty cycle based on the de- 
sired peak load current. The voltage divider, made up of Ry and R 2 , reduces the output 
voltage to a nominal value equal to the reference voltage. If V OUT exceeds its set value, 
the output of the comparator switches to its low state, disabling the gate to turn Q 2 off 
until the output decreases. This regulating action is in addition to that produced by the 
duty cycle variation of the oscillator as described in Section 18-4 in relation to the ba- 
sic switching regulator. 
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FIGURE 16-38 



The step-down configuration of the l I c 

78S40 switching regulator. 




FIGURE 18-39 



The step-up configuration of the 
78S40 switching regulator. 
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SECTION 18-6 
I REVIEW 



1. What h the purpose of using an external pass transistor with an IC voltage 
regulator? 

2. What is the advantage of current limiting in a voltage regulator? 

3. What does thermal overload mean? 
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The regulated power supply in this appli- 
cation provides dual-polarity dc voltages 
of ± 1 2 V to the FM receiver system which 
you worked with in Chapter 1 5. The 
power supply consists of a transformer- 
Coupled full-wave brfdge rectifier and 
filter with positive and negative three- 
terminal voltage regulators. 

The block diagram of the dual-polarity 
power supply is shown in Figure 1 8—40, 
and the circuit board is shown in Figure 
1 8-41 . The large vertically mounted 
capacitors are the 1 00 /xF filter capacitors. 
The 0.33 fir and 1 pJr capacitors, although 
not necessary in all applications, are 
recommended by the manufacturer for 
stability and improved transient response. 



The Dual-Polarity Power Supply Board 

■ Make sure that the circuit board shown 
in Figure 1 8-41 is correct by checking it 
against the schematic in Figure 18-42. 
Backside interconnections are shown as 
darker traces. 

■ Label a copy of the board with 
component and input/output 
designations in agreement with the 
schematic. 

The Power Supply Circuit 

■ Determine the approximate voltage at 
each of the four "corners" of the bridge. 
The transformer is rated at 24 V rms. 

■ Calculate the peak inverse voltage of 
the rectifier diodes. 

■ Determine the voltage at the input of 
each voltage regulator. 

■ In the FM receiver from Chapter 15, 
assume that op-amps are used only in 
the channel separation circuits. If all 
the other circuits in the receiver, 
excluding the channel separation 
circuits, used + 1 2 V only and draw an 
average dc current of 1 00 mA, 
determine how much total current 
each regulator must supply. 



■ Based on the amount of dc current 
required by the receiver, do the 
regulators need to be attached to the 
heat sink? 

Test Procedure 

Develop a basic procedure -for thoroughly 
testing the dual-polarity power supply. 

Troubleshooting 

Based on the result indicated in Figure 
1 8-43 for four faulty power supply boards, 
determine the most likely fault or faults in 
each case. 

Final Report (Optional) 

Submit a final written report on the dual- 
polarity power supply using an organized 
format that includes the following: 

1 . A physical description of the circuit. 

2. A discussion of the operation of the 
circuit. 

3. A list of the specifications. 

4. A list of parts with part numbers if 
available. 

5. A list of the types of problems in the 
four faulty boards. 
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FIGURE 18-40 



Block diagram of the dual-polarity power supply. 
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FIGURE 18-41 



The dual-polarity power supply circuit board. 




o + |2V 



o 12V 



FIGURE 18-42 



The dual-polarity power supply schematic. 
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MOV 



4 3 



Board 1 





3 5 




Board 3 



FIGURE 18-43 




4 3 



3 5 



Board 2 




4 3 3 5 

Board 4 Displays are fluctuating rapidly. 



Results of tests on four faulty power supply boards. 
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CHAPTER SUMMARY 



Voltage regulators keep a constant dc output voltage when the input or load varies within limits. 

A basic voltage regulator consists of a reference voltage source, an error detector, a sampling 

element, and a control device. Protection circuitry is also found in most regulators. 

Two basic categories of voltage regulators are linear and switching. 

Two basic types of linear regulators are series and shunt 

In a series linear regulator, the control element is a transistor in series with the load. 

In a shunt linear regulator, the control element is a transistor in parallel with the load. 

Three configurations for switching regulators are step-down, step-up, and inverting. 

Switching regulators are more efficient than linear regulators and are particularly useful in low- 
voltage, high-current applications. 

Three-terminal linear IC regulators are available for either fixed output or variable output 
voltages of positive or negative polarities. 

An external pass transistor increases the current capability of a regulator. 
The 78XX series are three-tenninal IC regulators with fixed positive output voltage. 
The 79XX series are three-tenninal IC regulators with fixed negative output voltage. 
The LM3 17 is a three-terminal IC regulator with a positive variable output voltage. 
The LM337 is a three-terminal IC regulator with a negative variable output voltage. 
The 78S40 is a switching voltage regulator. 



KEY TERMS 



Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

Linear regulator A voltage regulator in which the control element operates in the linear region. 

Line regulation The percentage change in output voltage for a given change in input (line) voltage. 

Load regulation The percentage change in output voltage for a given change in load current. 

Regulator An electronic circuit that maintains an essentially constant output voltage with a chang- 
ing input voltage or load current. 

Switching regulator A voltage regulator in which the control element operates as a switch. 

Thermal overload A condition in a rectifier where the internal power dissipation of the circuit ex- 
ceeds a certain maximum due to excessive current. 



KEY FORMULAS 



Voltage Regulation 

18-1 Line regulation = | . . 0<rr 



4 

M / 



18-2 Line regulation = 



(AV OUT /V OUT )1 



AV, 
Vn. - v. 



I.N 



NL r FL 



\i 



VfL J 



18-4 Load regulation = ( -^1100% 

Basic Series Regulator 

18-5 Vr^rrS (l+Jlv, 



Line regulation as a percentage 

Line regulation in %/V 

Percent load regulation 

Load regulation in terms of output 
resistance and full-load resistance 



Regulator output 
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18-fi 



_ 0.7 V 

'L(max) — £ 



Basic Shunt Regulator 



IK-7 



l.(lWlx) 



«■ 



Basic Switching Regulators 

18-8 V om = (yVw 

IC Voltage Regulators 
18-9 

0.7 V 



v om = y t m[i + ^ t ) . 



18-10 



18-11 



"niox 



For constant-current limiting 
(silicon) 



Maximum load current 

For step-down switching regulator 

IC regulator 

For external pass circuit 

Regulator as a current source 



CIRCUIT-ACTION QUIZ 



Answers are at the end of the chapter. 



1. If the input voltage in Figure 1 8-7 is increased by I V, the output voltage will 
(a) increase (b) decrease (c) not change 

2. If the zener diode in Figure 1 8-7 is changed to one with a zener voltage of 6.8 V, the output 
voltage will 

(a) increase (b) decrease (c) not change 

3. If R 3 in Figure 1 8-7 is increased in value, the output voltage will 
(a) increase (b) decrease (c) not change 

4. If R A in Figure 1 8-9 is reduced, the amount of current that the regulator can supply to the 
load will 

(a) increase (b) decrease (c) not change 

5. If Ro in Figure 1 8- 15 is increased, the power dissipation in R, will 
(a) increase (b) decrease (c) not change 

6. If the duty cycle of the variable pulse-width oscillator in Figure 1 8- 1 6(a) is increased, the 
output voltage will 

(a) increase (b) decrease (c) not change 

7. (f fij in Figure 1 8-29 is adjusted to a lower value, the output voltage will 
(a) increase (b) decrease (c) not change 

8. To increase the maximum current that the regulator in Figure 18-33 can supply, the value of 
R n , must 

(a) increase (b) decrease (c) not change 



SELF-TEST 



Answers are at the end of the chapter. 



1 . In the case of line regulation. 

(a) when the temperature varies, the output voltage stays constant 

(b) when the output voltage changes, the load current stays constant 

(c) when the input voltage changes, the output voltage stays constant 

(d) when the load changes, the output voltage stays constant 
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2. In the case of load regulation, 

(a) when the temperature varies, the output voltage stays constant 

(b) when the input voltage changes, the load current stays constant 

(c) when the load changes, the load current stays constant 

(d) when the load changes, the output voltage stays constant 

3. All ot the following are parts of a basic voltage regulator except 
(a) control element <b) sampling circuit 

(c) voltage-follower (d) error detector (e) reference voltage 

4. The basic difference between a series regulator and a shunt regulator is 

(a) the amount of current that can be handled (b) the position of the control element 
(c) the type of sample circuit (d) tile type of error detector 

5. In a basic series regulator, V ou , is determined by 
(a) the control element (b) the sample circuit 
(c) the reference voltage (d) answers (b) and (c) 

6. The main purpose of current limiting in a regulator is 

(a) protection of the regulator from excessive current 

(b) protection of the load from excessive current 

(c) to keep the power supply transformer from burning up 

(d) to maintain a constant output voltage 

7. In a linear regulator, the control transistor is conducting 
(a) a small part of the time (b) half the time 

(c) all of the time (d) only when the load current is excessive 

8. In a switching regulator, the control transistor is conducting 

(a) pan of the time (b) all of the time 

(c) only when the input voltage exceeds a set limit (d) only when there is an overload 

9. The LM317 is an example of an IC 

(a) three-terminal negative voltage regulator 

(c) switching regulator 

(e) variable positive voltage regulator 
(g) answers (d) and (e) only 

10. An external pass transistor is used for 
(a) increasing the output voltage 
(c) increasing the current that the regulator can handle 



(b) fixed positive voltage regulator 

(dj linear regulator 

(f) answers (b) and (d) only 



(b) improving the regulation 
(d) short circuit protection 



PROBLEMS 



SECTION 18-1 



Answers to all odd-numbered problems are at the end of the book. 



BASIC PROBLEMS 
Voltage Regulation 

1. The nominal output voltage of a certain regulator is 8 V. The output changes 2 mV when the 
input voltage goes from 1 2 V to 1 8 V. Determine the line regulation and express it as a 
percentage change over the entire range of V, N . 

2. Express the line regulation found in Problem I in units of %fV. 

3. A certain regulator has a no-load output voltage of 1 V and a full-load output voltage of 
9.90 V. What is the percent load regulation? 

4. In Problem 3. if the full-load current is 250 mA. express the load regulation in %/inA. 



SECTION 18-2 Basic Series Regulators 

5. Label the functional blocks for the voltage regulator in Figure 18-44. 
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FIGURE 18-44 
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T 



-OV'i. 



T 



6. Determine the output voltage for the regulator in Figure 18-45. 



B 



FIGURE 18-45 



Multisim file circuit are identified 
with a CD logo and are in the 
Problems folder on your CD -ROM . 
Filenames correspond to figure 
numbers (e.g., F18-45). 



18 Vo 




lOkfl 



FIGURE 18-46 




7. Determine the output vollage for the series regulator in Figure 1 8-46. 
+12 Vo 




2.2 kil 



FIGURE 18-47 




8. If R 3 in Figure 18-46 is increased to 4.7 kfl. what happens to the output voltage? 

9. If the zener voltage is 2.7 V instead of 2.4 V in Figure 1 8-46, what is the output voltage? 

10. A series voltage regulator with constant-current limiting is shown in Figure 18-47. Determine 
the value of R 4 if the load current is to be limited to a maximum value of 250 mA. What power 
rating must R A have? 



Vino 




«3 

4.7 kfl 
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1 1. If the R, determined in Problem 1 is halved, what is the maximum load current? 



SECTION 18-3 Baric Shunt Regulators 

12. In the shunt regulator of Figure 18 48. when the load current increases, does Q, conduct more 
or less? Why? 



FIGURE 18-48 
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13. Assume / L remains constant and V^ changes by 1 V in Figure 18—48- What is the change in 
the collector current of (?,? 

14. With a constant input voltage of 17 V, the load resistance in Figure 18-48 is varied from 1 kii 
to 1.2 kii. Neglecting any change in output voltage, how much does the shunt current through 
g, change? 

15. If the maximum allowable input voltage in Figure 18-48 is 25 V. what is the maximum 
possible output current when the output is short-circuited? What power rating should R, have? 



SECTION 18-4 Basic Switching Regulators 

16. A basic switching regulator is shown in Figure 18-49. If the switching frequency of the 
transistor is 100 Hz with an off-time of 6 ms, what is the output voltage? 



FIGURE 18-49 
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17. What is the duly cycle of the transistor in Problem 16? 

18. When does the diode £>, in Figure 1 8-50 become forward- biased? 
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FIGURE 18-50 



+20 V o 




19. If the on-time of Q, in Figure 18-50 is decreased, does the output voltage increase or 
decrease? 



SECTION 18-5 Integrated Circuit Voltage Regulators 

20. What is the output voltage of each of the following IC regulators? 
(a) 7806 (b) 7905.2 (c) 7818 (d) 7924 

21. Determine the oulput vollage of the regulator in Figure 1 8-5 1 . / ftDJ = 50 fiA. 



FIGURE 18-51 
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22. Determine the minimum and maximum output voltages lor the circuit in Figure 18-52. 
/adj = 50/*A. 



FIGURE 18-52 



-35 V« 
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23. With no load connected, how much current is there through the regulator in Figure 18—51? 
Neglect the adjustment terminal current. 

24. Select the values for the external resistors to be used in an LM317 circuit that is required to 
produce an output voltage of 12 V with an input of 18 V. The maximum regulator current with 
no load is to be 2 mA. There is no external pass transistor. 
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SECTION 18-6 Applications of IC Voltage Regulators 



25. In ihe regulator circuit of Figure 18-53, determine /?„, if the maximum internal regulator 
current is to be 250 mA. 



FIGURE 18-53 
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16. Using a 7812 voltage regulator and a 10 €l load in Figure 18—53. how much power will the 
external pass transistor have lo dissipate? The maximum internal regulator current is set at 
500 mA by /?„,. 

27. Show how to include current limiting in the circuit of Figure 1 8-53. What should the value of 
the limiting resistor be if the external current is to be limited to 2 A? 

28. Using an I.M3I7, design a circuit that will provide a constant current of 500 mA to a load. 

29. Repeat Problem 28 using a 7908. 

30. If a 78S40 switching regulator is to be used to regulate a 1 2 V input down to a 6 V output, 
calculate the values of the external voltage-divider resistors. 

MULTISIM TROUBLESHOOTING PROBLEMS 

These file circuits are in Ihe Troubleshooting Problems folder on your CD-ROM. 

31. Open file TSP1 8-3 1 and determine the fault. 

32. Open file TSP1 8-32 and determine the fault. 

33. Open file TSP 1 8-33 and determine the fault. 

34. Open file TSP1 8-34 and determine the fault. 



ANSWERS 



SECTION REVIEWS 

SECTION 18-1 Voltage Regulation 

1. The percentage change in the output voltage for a given change in input voltage. 

2. The percentage change in output voltage for a given change in load current. 

3. I.2%;0.06%/V 

4. 1.6%; 0.00 16%/mA 

SECTION 18-2 Basic Series Regulators 

1. Control element, error detector, sampling element, reference voltage 

2. 2 V 

SECTION 18-3 Basic Shunt Regulators 

1. In a shunt regulator, the control clement is in parallel with the load rather than in series. 

2. A shunt regulator has inherent current limiting. A disadvantage is that a shunt regulator is less 
efficient than a scries regulator. 



ANSWERS - 907 



SECTION 18-4 Basic Switching Regulators 

1. Step-down, step-up, inverting 

2. Switching regulators operate at a higher efficiency. 

3. 'Itie duly cycle varies to regulate the output. 

S E CTI ON 18-5 Integrated Circuit Voltage Regulators 

1. Input, output, and ground 

2. A 7809 has a +9 V output; A 7915 has a - 15 V output 

3. Input, output, adjustment 

4. A two-resistor voltage divider 

SECTION 1 8-6 Applications of IC Voltage Regulators 

1. A pass transistor increases the current that can be handled. 

2. Current limiting prevents excessive current and prevents damage to the regulator. 

3. Thermal overload occurs when the internal power dissipation becomes excessive. 

RELATED PROBLEMS FOR EXAMPLES 

18-1 0.6%/V 

18-2 1.12%,0.0224%/mA 

18-3 7.33 V 

18-4 0.7 A 

18-5 17.5 W 

18-6 12.7 V 

18-7 467 mA 

18-8 12 W 

18-9 8 

CIRCUIT-ACTION QUIZ 

l.(c) 2. (a) 3.(b) 4. (a) S.(c) 6. (a) 7.(b) 8. (b) 

SELF-TEST 

l.(c) 2.(d) 3.(c) 4.(b) 5.(d) 6. (a) 7. (c) 8. (a) 
9.(g) 10. (c) 




PROGRAMMABLE ANALOG 



INTRODUCTION 



Programmable analog devices and programming are 
introduced in this chapter. Programmable devices have been 
applied in digital systems for quite some time, and they ,ire 
now becoming popular for implementing analog designs. 
Although programmable analog devices and software 
are also available from other manufacturers, selected 
products of Anadigm Corporation are used as examples for 
the topics of programmable hardware and the 
accompanying software in this chapter. The 
AnadigmDesigner2 development software is referenced and 
is used for illustrations. You can download a 60-day free 
trial version of this software at www.anadigm.com. Also, 
you can obtain a development kit that includes a 
development board with a field-programmable analog 
array (FPAA) installed, the interface to connect it to your 



computer, and the development software. Many of the 
problems at the end of the chapter require the 
AnadigmDesigner2 software for implementing circuits up to 
the point of downloading them to a hardware device. If 
you wish to optionally download the circuits created by 
the software, you must have the development kit. 



CHAPTER OUTLINE 



1 9-1 The Field-Programmable Analog Array (FPAA) 
1 9—2 Switched-Capacitor Circuits 
19-3 A Specific FPAA 
1 9-4 FPAA Programming 
System Application 




CHAPTER OBJECTIVES 



Use FPAAs to implement analog circuits 
Describe the basic operation of switched-capacitor circuits 
Describe the block diagram of an AN22I E04 FPAA 
Explain what is required for programming FPAAs 



KEY TERMS 



FPAA 

CAB 

Switched-capacitor circuit 

Shadow RAM 

Configuration RAM 

LUT 

Development software 

CAM 

Downloading 

Dynamic reconfiguration 



SYSTEM APPLICATION PREVIEW 



The system application at the end of the chapter describes 
part of a PBX (private branch exchange), a type of private 
telephone network generally used by businesses. The PBX 
connects a certain number of telephones within a business 
to a smaller number of outside lines. Different PBX systems 
provide differing analog signals that must be conditioned. 
The data must be extracted from these signals and sent on 
for further processing. In this application, an encoding 
method based on AMI (alternate mark inversion) is used as 
an example. The portion of the system that converts the 
AMI signal is developed and programmed for 
implementation on a FPAA. 



| VISIT THE COMPANION WEBSITE 

Study aids for this chapter are available at 

http://www.prenhall.coni/floyd 
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-1 THE FIELD-PROGRAMMABLE ANALOG ARRAY (FPAA) 



What an FPGA is to digital logic design, the FPAA is to analog design. The FPAA is a 
programmable integrated circuit that can be used to implement analog functions. In 
many applications, a programmable IC is more efficient and economical than using 
individual op-amps, comparators, and discrete components. Because programming can 
be used to change component values and interconnections, fast changes can be made 
in FPAAs while they are operating in a system. 

After completing this section, you should be able to 

■ Use FPAAs to implement analog circuits 

■ Describe the block diagram of a typical FPAA 

■ Explain a basic configurable analog block 

■ Program an FPAA 



RP 



A typical FPAA (field-programmable analog array) includes a matrix of programmable 
elements, generally known as CABs (configurable analog blocks). The CABs are arranged 
within a network of programmable interconnections that allow CABs to be connected to 
each other as well as to input/output (I/O) interface blocks. Generally, an FPAA will con- 
tain two or more CABs and configuration logic that includes clock sources, memory, and a 
shift register. The software uses the configuration logic to implement a specified design. A 
generic block diagram for an FPAA is shown in Figure 19-1 . 



FIGURE 19-1 



A generic FPAA block diagram with 
four CABs. Programmable analog 
devices may contain more or fewer 
CABs. 



I/O 




The programmable features of an FPAA include the CAB, the interconnection network, 
and the input/output (I/O) blocks. Most FPAAs use what is known as switehed-capacitor 
technology to implement various analog functions in a CAB. A typical CAB consists of one 
or more op-amps, a bank of capacitors, and an array of switches, as indicated in Figure 
19-2. The interconnection network includes global routing, which connects to other CABs 
and to the outside world, and local routing, which connects within the CAB. Using these 
features, many analog functions (such as amplifiers, integrators, differentiators, and filters) 
that can be made with individual op-amps and conventional passive components (resistors 
and capacitors) can be implemented at less cost, in a much smaller size, and with increased 
reliability and component stability. In addition, the programmability makes it easy to 
change designs or to modify values in any given circuit or system at any time. 

All FPAAs require a software development package that allows you to enter an analog 
circuit design on your computer, test it by simulation, and download it to the FPAA chip us- 
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Switch array 



Global routing 
■ \x>ca\ routing 




Capacitor bank 



Op- Amp 



Switch array 



FIGURE 19-2 



A simplified CAB block diagram. The switches are actually MOSFETs. 



ing a standard interface. The programmable CABs and ihe interconnection network are con- 
trolled by on-chip clock sources, a memory, a shift register, and other logic. The software 
program performs the necessary operations to add the required analog functions, to make 
appropriate interconnections, and to properly configure the switched-capacitor networks to 
produce circuit values and parameters for achieving specified performance characteristics 
in the FPAA device. 



1 SECTION 19-1 
1 REVIEW 


1. 


What does the acronym FPAA stand for? 


Answers are at the end 


2. 


What does the acronym CAB stand for? 


of the chapter. 


3. 


Name the programmable features of a typical FPAA. 




4. 


What is a common technology used to implement analog functions in a CAB? 



19-2 SWITCHED-CAPACITOR CIRCUITS 



Switched-capacitor circuits are used in field-programmable analog arrays to 
implement various analog circuits on an IC chip using only capacitors, A capacitor can 
be implemented on a chip more easily than can a resistor. Capacitors also offer other 
advantages such as no power dissipation. When a resistance i.s required in a circuit, a 
switched capacitor can be made to emulate (to imitate or act the same as) a resistor. 
Reprogramming switched-capacitors can readily change resistor values, and a more 
accurate and stable resistance can be achieved. You should have a basic understanding 
of switched capacitors: however, when you program an FPAA, the software shields 
you from all of the complex circuit details. 

After completing this section, you should be able to 

■ Describe the basic operation of switched-capacitor circuits 

■ Explain how switched-capacitor circuits emulate resistors 



FT^-r 
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Recall thai the definition of current in terms of charge and time is expressed as 

This formula shows that Current is the rate at which charge flows through a circuit. Also, 
recall that the definition of charge in terms of capacitance and voltage is 

Q=CV 

By substituting CV for Q. you can express the current as 



Basic Operation 

A general model of a switched-capacitor circuit, as shown in Figure l9-3{a), consists of a 
capacitor, two voltage sources, V, and V 2 , and a two-pole switch. Let's examine this circuit 
for a specified period of time, T. Assume that V, and V 2 are constant during the time period 
'/"and V, > V 2 . Of particular interest is the average current /, produced by the source V\ dur- 
ing the time period T. 



FIGURE 19-3 
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During the first half of the time period T, the switch is in position I , as indicated in Figure 
19-3(b). The capacitor charges very rapidly to the source voltage V\» Therefore, an average 
current /, due to V, is charging the capacitor during the interval from t = to t = III. Dur- 
ing the second half of the time period, the switch is in position 2, as indicated. Because 
V, > V 2 , the capacitor rapidly discharges to the voltage V 2 . The average current produced by 
the source V, over the time period T is 

_ Q\(T/2) ~ 8l(0) 
'l(avg) " j. 

Q m is the charge at / = and Q, i7J2) is the charge at / — 772. Therefore, Q HTn) — Q m is 
the net charge transferred while the switch is in position I. 

The capacitor voltage at 772 is equal to V„ and the capacitor voltage at or T is equal to 
V 2 . By substituting CVfor Q in the previous equation, 

CV|(r/2) _ CV 2 (o) C(V| (r /2) - V 2 (o)) 



A 



l(»vg) - 



Equation 19-1 



Since V'| and V 2 are assumed lu be cuusiant during T, the average current can be ex- 
pressed as 



'l(wg) 



C(V, - V 2 ) 
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Emulating a Resistor 

In .wane applications where a resistance is required, a switched capacitor can be made to 
emulate a resistor. Figure 19-4 shows a conventional resistive circuit with two voltage 
sources. 

From Ohm's law, the current is 



/, 



R 



The current /| (avp) in the switched-capacitor circuit is equal to /, in the resistive circuit. 

c(v, - v 2 ) _ v, - v 2 

T R 

By solving for R and canceling the V, - V 2 terms, 
T(V t - V 2 ) 



R = 



C(V, - V 2 ) 




R 



FIGURE 19-4 



Conventional resistive circuit 



T 

R = c 

As you can see, a switched-capacitor circuit can emulate a resistor with a value deter- 
mined by the time period T and the capacitance C. Remember that the two-pole switch is 
in each position for one-half of the time period 7"and that you can vary 7*by varying the fre- 
quency at which the switches are operated. 

In an FPAA, the switching frequency is a programmable parameter for each emulated 
resistor and is selected to achieve a precise resistor value. Since T = I If, the resistance in 
terms of frequency is 



R 



fC 



Equation 19-2 



Equation 19-3 



The Charging Current Figure 19-5 illustrates the charging current in a switched capac- 
itor. At the beginning of T, the capacitor rapidly charges, resulting in a short spike of cur- 
rent that charges the capacitor to V|. During the remaining portion of T, the current 
produced by V, is zero. The average current for the time period T depends only on the total 
charge that is transferred and on the time period T. If T is reduced, the average current in- 
creases because the time is shorter for a given amount of charge. If T is increased, the av- 
erage current decreases because the time is longer for a given amount of charge. 




FIGURE 19-5 



Charging current in a switched 
capacitor. 



For a given value of T, if the value of C is increased, more charge is transferred when the 
switch goes to posi don I , resulti ng in a greater average current. If the value of C is reduced, 
less charge is transferred when the switch goes to position 1, resulting in less average 
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current. For a given voltage, an increase in average current effectively corresponds to a de- 
crease in resistance and a decrease in average current effectively corresponds to an increase 
in resistance. This discussion has shown that the effective emulated resistance is directly re- 
lated to 7* and inversely related to C, as was stated in Equation 1 9-2. 



Practical Switches 

The two-pole switch that has been used to illustrate the basic concept of a switched-capacitor 
circuit is an impractical form in terms of its implementation in an FPAA. Figure 19-6 shows 
how the simple two-pole switch can be replaced by two single-pole switches. You can see 
that when SWI is closed and SW2 is open, it is equivalent to the two-pole switch being in 
position 1 . When S W I is open and SW2 is closed, it is equivalent to the two-pole switch 
being in position 2. 

FIGURE 19-6 



Switch equivalents. 




FIGURE 19-7 



A switched-capacitor with MOSFET 
switches. 



As you know, switches in electronic circuits are implemented with transistors. Typically, 
the switch array implemented in an FPAA consists of MOSFET switches. A switched- 
capacitor circuit is shown in Figure 19-7 with MOSFETs acting as the switches. Their on 
and off times are controlled by timing signals with frequencies that are programmable. The 
two timing signals that turn the MOSFETs on and off are square waves that are 180° out of 
phase so that when one transistor is on the other is off and vice versa with no overlap. 



-<>• 



O • Q 

SWI SW2 




EXAMPLE 19-1 



Replace the input resistor in the integrator of Figure 1 9-8 with a switched-capacitor 
and show the resulting circuit. 

FIGURE 19-8 




SWITCHED-CAPACITOR CIRCUITS 



9T5 



Solution An integrator with a switched-capacitor circuit that emulates the resistor is shown in 
Figure 19-9. 



FIGURE 19-9 



Switched-capacitor integrator 
equivalent to the circuit in Figure 
19-8. 



/= 100 kHz /= 1 00 kHz 

n_n_n ltltu 



c 2 




Related Problem' 



The values shown in Figure 19-9 are determined as follows. Assume that the 
switched-capacitor value is 1000 pF. You want the switched capacitor to emulate a 
10 kfl resistor by effectively providing the same average current as the actual resistor 
would. Using the formula R = T/C, 

T= /?C=(10kil)(1000pF)= 10/xs 

This means that each switch must be operated at a frequency of 



' ~ T ~ 10 ms 



= 100 kHz 



The duty cycle should be 50% so that the switch is in each position half of the period. 
Two non-overlapping 100 kHz, 50% duty cycle voltages that are 180° out-of-phase 
with each other are applied to the transistor switches in Figure 19-9. 

At what frequency must the switches be operated in Figure 19-9 to emulate a 5.6 kfl 
resistor? 



* Answer is at the end of the chapter, 



Emulating Feedback Resistors 

You have seen in the preceding discussion and example how the input resistor to an op-amp 
circuit can be emulated with a switched-capacitor circuit. However, feedback resistors, such 
as used in differentiators, inverting and noninverting amplifiers, and certain types of filters 
require a variation in approach. 

The switched-capacitor implementation for the input resistor used in the integrator 
of Figure 19-9 is impractical for emulating a feedback resistor such as shown in the op- 
amp in Figure 19— 10(a). Because the two transistor switches are never on at the same 
time, the feedback path would never be closed and proper operation would be pre- 
sented. To avoid this, the switched-capacitor configuration for the feedback loop in the 
amplifier in Figure 19-1 0(b) can be used. Q x and Q 3 are on at the same time. Q v allows 
C, to charge to the input voltage and C 2 discharges through Q^. When Q 2 turns on, the 
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n_n_n 




FIGURE 19-10 



n_n_n i_n_ru 




(b) 



Amplifier with switched-capacitor emulation of input and feedback resistors. 



Equation 19—4 



sampled input vollage stored on C, is applied to the input of the op-amp and charges 
Q 3 . The voltage gain is 



\fC 2 



\ (± 



A„ = - 



K = ~± 



C, 



SECTION 19-2 
I REVIEW 



i 
- 



1 . How are switched-capacitor circuits applied in FPAAs? 

2. How does a switched capacitor emulate a resistor? 

3. What factors determine the resistance value that a given switched-capacitor circuit 
can emulate? 

4. In a practical implementation, what devices are used for switches? 



A SPECIFIC FPAA 



In this section, we look at the Anadigm AN221E04 FPAA as an example of a typical 
programmable analog array. FPAAs generally can be reprogrammed many times. This 
particular device is reprogrammable and can be dynamically configured, which means 
that it can be reprogrammed after being installed and while operating in a system. 

After completing this section, you should be able to 

■ Describe the block diagram of an AN221E04 FPAA 

■ Describe the CAB in an AN221E04 
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Overview of the AN221E04 

A typical package and block diagram for an AN221E04 FPAA are shown in Figure 19-11. 
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FIGURE 19-1 1 



Device package and block diagram of the AN221 E04. 
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This device has four CABs arranged in a 2 x 2 matrix and includes the associated logic and 
other resources for initial programming and reconfiguration. 

When you program the FPAA, the data goes into the on-chip random-access memories 
(RAMs) associated with each CAB via the configuration interface. These memories allow 
reconfiguration data to be loaded while the old configuration is active and running. The 
--r shadow RAM stores the new configuration data without disturbing the current configura- 
tion until the proper time for it to be transferred into the configuration RAM, which stores 
the current configuration data. This permits any changes or adjustments in circuit design to 
be accomplished while the FPAA is operating in a system without disturbing the system op- 
eration. This is called dynamic reconfiguration. 

Configuration data can be generated from a computer running the development software 
when the FPAA is initially programmed. Data for configuring the device can also be gen- 
erated from an external EPROM that is storing the configuration program, or reconfigura- 
tion can be controlled by a microprocessor, called a host processor, embedded in the 
system in which the FPAA is operating. The FPAA device can generate its own clock for 
internal timing, or it can accept an external clock signal. DC voltages can be generated in- 
ternally for use in certain types of circuits that require reference voltages. 

The look-up table (LUT) in the FPAA is a type of memory that stores data for certain 
predetermined configuration functions. It contains storage space for 256 bytes of data (a 
byte is 8 bits). Each byte of storage space has a specific address that uniquely defines it. An 
8-bit address code can be produced by a special counter or by the SAR-ADC (successive- 
approximation register-ADC) logic in a CAB. 

Analog input signals are connected to the device with the configurable input/output (I/O) 
cells. Output signals can also be routed through the input/output cells. An I/O cell can ac- 
cept a differential or common-mode input signal and can contain a programmable filter and 
amplifiers for improving input signal quality. 

The Configurable Analog Block (CAB) 

As you saw in Figure 19-1 1, there are four CABs in the AN221E04 device. A circuit de- 
sign is programmed into the CABs using development software with a library of analog 
functions, such as integrators, differentiators, filters, comparators, and other types of cir- 
cuits. The development software will be introduced in Section 1 9-4. A CAB block diagram 
is shown in Figure 19-12. Notice that there are two op-amps and one comparator available 
in addition to the capacitor bank and switch matrices. 

The Control Lope The control logic in a CAB transfers data from the outside world into 
the shadow SRAM (static random-access memory) and then copies it into the configuration 
SRAM. As previously mentioned, data for updating the configuration SRAM can be loaded 
into the shadow SRAM while the FPAA is operating in a system without affecting the op- 
eration. The data in the shadow SRAM can then be moved to the configuration SRAM at 
an appropriate time to reprogram the device or modify specified parameters. This is some- 
times referred to as "on-the-fly" reprogramming. 

Switch Matrices There are two arrays of switches, controlled by the configuration 
SRAM, that are used for circuit connections, setting capacitor values, switched-capacitor 
operation, and input selection. 

Capacitor Banks There are many small equally sized capacitors that can be programmed 
for relative values of from to 255 units of capacitance. Capacitors can be programmed in 
series to achieve lower capacitance values or in parallel to achieve larger capacitance val- 
ues. The capacitors can be connected for fixed values, oi they can be coiiuecleil and pro- 
grammed as switched capacitors to emulate resistors. 

When used as switched capacitors, non-overlapping (NOL) clock signals are required 
as previously discussed. These non-overlapping clocks are produced by the NOL clock 
generator. 



FPAA PROGRAMMING 



919 



Control 

logic 



12 3 4 
Analog clocks 



Shadow SRAM 



Configuration SEAM 



FIGURE 19-12 



One CAB in an AN221 E04 FPAA. 




■ V+ 
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Look-up table 



SAR clock 



LUT Interface The LUT (look-up table) interface in each CAB provides access to the 
look-up table, which was described earlier. The SAR logic is; a successive-approximation 
register used as an analog-to-digital converter (ADC). The address codes generated by the 
SAR- ADC logic are used to access data stored in the LUT that can be used for modifica- 
tion of analog input signals and other functions. 



SECTION 19-3 
REVIEW 



1 . What are the major elements of a CAB in an AN22 1 E04 FPAA? 

2. WhatarethetwoRAMsinanAN221E04? 

3. State the purposes of a switch matrix. 

4. Describe one purpose of the non-overlapping (MOL) dock generator? 



19-4 FPAA PROGRAMMING 

FPAAs are programmed using development software that provides for implementing 
analog circuit designs on a chip and also shields you from the details of the circuit 
implementation. An FPAA can be originally programmed or reprogrammed statically 
on an evaluation or development board. Once the design has been completed and tested 
on the evaluation board, it can then be dynamically programmed into FPAAs installed 
on a system board. In this section, we look at the process of configuring an FPAA. 

After completing this section, you should be able to 

■ Explain what is required for programming FPAAs 

■ Discuss the general sequence of steps in FPAA programming 
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The general setup for programming a circuit design into an FPAA includes a computer 
running the development software, a pc board with a standard interface to a computer port, 
and the FPAA device installed on the pc board (usually called a development or an evalua- 
tion board). A representation of this setup is shown in Figure 1 9-13. 
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FPAA 
development 

software 




Standard 
interface 



PC board with FPAA 
device installed 



-i / i i i I , < i i 





FIGURE 19-13 



Simplified illustration of the setup for programming an FPAA. 



Development Software 

Development software provides for entering a circuit design on the computer, simulating 
the design to make sure that it operates as expected, and downloading the design to the 
FPAA chip. 

Using the software, you can select from a library of analog circuits, then drag and drop 
the selected ones onto the screen. Once the circuits are on the screen, certain parameters can 
be set. For example, you can set the gain of an amplifier, the critical frequency of a filter, 
the output rale of change of an integrator, and so on. The circuits can then be connected to 
inputs and outputs and to each other to create an on-screen circuit diagram. Once the cir- 
cuit is tested, you can then download it to the chip. A flow chart showing the general pro- 
gramming procedure is given in Figure 19—14. 

Occasionally, when a circuit design is downloaded to the FPAA, the operation may vary 
slightly from that of the software simulation. In this event, an FPAA chip can be repro- 
grammed as many times as needed in order to tweak or adjust the design to achieve the pre- 
cise hardware operation that is required. 



Programming with a Specific Development Software 

An excellent example of FPAA development software is the AnadigmDesi.gner2. The 
AnadigrnDesigner2 software provides for the selection, placement, wiring, and simulation 
of one or more subcircuits called CAMs. The CAMs (configurable analog modules) are the 
"building blocks" for analog designs and are preconstructed analog functions that can be 
adjusted for desired parameter values. 
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Start wilh a 
circuit design. 



FIGURE 19-14 



Connect the 

hardware as shown 

in Figure 19-13. 



Run the development 

software on your 

computer. 



Open a design 
window. 



Select a 

preprogrammed 

analog circuit from 

the library. 



Drag and drop the 

analog circuit icon 

into the design 

window. 



Select the 

parameters for the 

analog circuit 




Connect each 
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and outputs and to 
other circuits as 

required, using the 
connection tool. 
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Run software 

simulation to verify 

Operalion. 



Verify the 
implemented circuit 

operation using 
hardware instruments. 



Flow chart for generaf programming 
of an FPAA. 




Review design and 

connections and 
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A partial list of available CAMs is given in Table 19-1. For each CAM, the parameters 
can be programmed or reprogrammed for desired performance. For example, for the bi- 
quadratic filter CAM you can set the gain, critical frequency, and Q. Some CAMs are sin- 
gle function, such as the integrator; some are multiple function, such as the biquadratic filter 
where you can select low-pass, high-pass, band-pass, or band-stop versions. 

Begin with a blank design window as shown in Figure 19 15. CAMs will be selected 
and placed in this window and connected. At any time, you can start over with a blank de- 
sign window by selecting New from the File menu or by deleting a CAM and connections. 
Only a brief description of each step is given. For more details on any steps, refer to the 
website at www.anadigm.com to download appropriate literature. We will use a very sim- 
ple single-CAM circuit to illustrate the steps. 
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TABLE 19-1 



Partial list of the CAMs available in 
the AnadigmDesigner2 software. 



1 CONFIGURABLE ANALOG MODULES (CAMs) 1 


Analog-io-digital converter 


Integrator 


Bilinear filter 


Inverting gain stage 


Biquadratic filter 


Inverting sum stage 


DC voltage source 


Multiplier 


Differential comparator 


Periodic waveform generator 


Differentiator 


Rectifier with low-pass filter 


Divider 


Sample-and-hold 


Gain stage with output voltage limiting 


Sine wave oscillator 


Gain stage with polarity control 


Square root circuit 


Gain stage with switchable inputs 


Sura/difference stage with low-pass filter 


Half-cycle gain stage 


Voltage-controlled variable gain stage 


Half-cycle inverting gain stage 


Voltage transfer function 


Half-cycle inverting rectifier 




Half-cycle rectifier 





FIGURE 19-15 



Blank design window. 




The next step is to select a CAM from the CAM Selection Dialog Box. which is opened 
by clicking on the symbol in the tool bar. In this case, we have selected the integrator as 
shown in Figure 19-16. 

Next, drag the selected CAM icon and drop it into the design window. Using the con- 
nection tool, "wire" the CAM as required. In this case, the integrator is simply connected 
to an input and an output, as indicated in Figure 19-17. 

Once the CAM is selected and before it is wired, the Parameters box appears, as shown 
in Figure 19-18. The number of parameters that you can set depends on the type of CAM. 
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FIGURE 19-16 



Dialog box for selection of 
configurable analog modules 
(CAMi). 
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FIGURE 19-17 




The integrator CAM is dropped into 
the design window and connected. 
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FIGURE 19-18 



Dialog box for setting CAM 
parameters. 



924 ■ PROGRAMMABLE ANALOG ARRAYS 



In this case, the integration constant is the only parameter to be determined. Also, you can 
make the integrator inverting or noninverting. 

The circuit is now installed and connected in the design window, and you have selected 
the CAM parameters). Now. you should verify thai the circuit operates properly by run- 
ning a simulation. First, select the signal generator and place ihe icon at the input pin. Click 
on the icon to bring up the parameter window, select the appropriate function, and set the 
values. In this example, the pulse output has been selected, the frequency has been set to 
100 kHz, the peak value to 1 V, and the duty cycle to 50%, as shown in figure 19-19. 



FIGURE 19-19 



Signal genemtor parameter window. 
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Finally, select the oscilloscope probe icon and place it on the input. Select it again and 
place another probe on the output, as shown in Figure 19 20. Up to four probes can be 
placed on wires. CAM inputs or outputs, or any input or output cell. 



FIGURE 19-20 



Source connected and oscilloscope 
probes placed on input and output 
of circuit for simulation. 
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Begin the simulation and observe the result on the oscilloscope. In this example, the in- 
put is the square wave, and the output is the triangular wave, as shown in Figure 19-21. 
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FIGURE 19-21 



Oscilloscope display verifies circuit 

operation. 



Downloading the Circuit to the FPAA Assuming that an evaluation board (one type is 
shown in Figure 19—22) is connected to the serial porl of the computer, you can download 
the design to the FPAA installed on the board. Downloading is the process of putting the 
software design into the FPAA chip and is accomplished by selecting the menu item 
Configure > Write the configuration data to serial, port. It takes only about two seconds. 
After the download, the circuit is implemented in the chip and can be tested by connecting 
an actual signal generator and oscilloscope to the appropriate pins on the board. 




FPAA 



FIGURE 19-22 



An evaluation board with an FPAA 
installed. 



Hosted Operation of an FPAA 

After an analog circuit design has been perfected using a development or evaluation board, 
the design configuration data file can be loaded into an EPROM that is installed with an 
FPAA in a system. The FPAA can then initially configure itself from the EPROM on 
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power-up or system reset. This is a form of static configuration because the FPAA pro- 
gramming must start from scratch when power is first applied or when the system is reset, 
not while it is actively performing its designed operation. 

A major advantage of an FPAA is that it can also be dynamically reconfigured. Dynamic 
reconfiguration means that a design modification or a completely new design can be 
downloaded to an FPAA while it is operating in a system without the need to power down 
or to reset the system. This is known as "on-the-fly" reconfiguration and is accomplished 
by connecting the FPAA to a companion or host microprocessor, as shown by a simplified 
block diagram in Figure 19-23. 



FIGURE 19-23 



Simplified diagram of a host 
processor and EPROM connected to 
an FPAA. 
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With the host processor, both static and dynamic reconfiguration can be accomplished. 
To reconfigure an FPAA statically, a system reset sequence is required prior to the design 
data file being transferred by the host processor to the FPAA. To reconfigure an FPAA dy- 
namically, the design data file can be transferred "on-the-fly" in a single clock cycle with- 
out resetting the system. Dynamic reconfiguration is especially useful in applications where 
certain parameters in the initial design must be adjusted or updated without interrupting the 
system operation. 

AnadigmDcsigner2 software uses C code to create and download data "on-the-fly" 
from the EPROM to the FPAA under the control of the host processor in response to 
changing requirements for the analog circuit in the FPAA. Each configurable analog 
module (CAM) has associated C code functions that are used to manipulate its pro- 
grammable parameters. One example of a C code application is in the case of an ad- 
justable filter where the number and type of filter stages is fixed, but the critical 
frequency, Q, and gain require periodic adjustment "on-the-fly." 



I 



SECTION 19-4 
REVIEW 



1. State the purposes of FPAA development software. 

2. What is a CAM? 

3. What does downloading accomplish in the FPAA programming process? 

4. What fs the major difference between static and dynamic reconfiguration? 

5. What does the term "on-the-fly" mean? 
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A PBX (private branch exchange) is a 
private telephone network generally used 
by businesses. The PBX connects a certain 
number of telephones within a business to 
a smaller number of outside lines. For 
example, there may be four outside lines 
for twenty telephones. The PBX is much 
less expensive than connecting a separate 
outside telephone line to every telephone 
in the organization. Also, to call someone 
else on the same PBX system requires 
dialing fewer digits (typically three or 



four). A variation of the PBX is the 
centrex, which is a type of PBX with the 
switching equipment located at the 
telephone exchange instead of at a 
company's premises. 

Different PBX systems provide various 
types of signals that must be conditioned. The 
data must be extracted from these signals and 
sent on for further processing. FPAAs can be 
used to provide the analog signal processing 
portion of a PBX's operab'on. 

Signal Encoding 

In this application, an encoding method 
based on AMI (alternate mark inversion) is 
used. AMI uses three voltage levels to 
represent digital data, which consists of Is 
and Os. In an AMI signal, either a positive 
or a negative signal voltage represents a 1 
and zero signal voltage represents a 0. The 
alternate polarity coding is used because it 
prevents the buildup of a dc voltage level 
down the telephone cable. An example of 
an AMI signal and the bit stream that rt 
represents is shown by the blue waveform 
in Figure 19—24. 



A long string of 0s in the synchronized 
AMI signal produces no transitions, and 
can prevent the clock from being reliably 
recovered by the PLL at the receiving end, 
thus causing loss of synchronization and 
resulting in errors. To overcome this 
problem, new encoding methods have 
been developed. One of these methods is 
called high-density bipolar order 3 (HDB3) 
and is based on AMI but avoids the 
problem of losing synchronization created 
when long strings of 0s occur. HDB3 is the 
same as AMI except that a sequence of 
four consecutive 0s are encoded using a 
violation bit, which has the same polarity 
as the last 1, in order to introduce a transi- 
tion for maintaining synchronization, as 
shown by the green pulse in Figure 19-24. 

Conversion of an AMI Signal 

An AMI (or MDB3) signal must be 
converted to a series of single-polarity 
pulses that can be processed in the PBX. A 
block diagram for converting an AMI 
signal to single-polarity data is shown in 
Figure 19-25. 




FIGURE 19-24 



Example of an AMI (alternate mark inversion) signal. 
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FIGURE 19-25 



Basic block diagram of AMI conversion. 
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This circuit has an amplifier with gain 
(gain stage) at the input- The band-pass 
filter is used to remove high-frequency 
noise and the 60 Hz component present 
in the system. The signal out of the filter 
goes to the full-wave rectifier to make 
all the pulses positive. The signal then 
goes to one of the comparator inputs. 
Every time the signal out of the rectifier 
crosses a threshold established by a 
reference voltage, the comparator 
produces a positive pulse, representing a 
1 . When the rectifier output is zero, the 
comparator output is at its low level, 
representing a 0. 

The FPAA Implementation 
The circuit represented by the block 
diagram in Figure 19-25 is implemented 
with CAMs, as shown in Figure 1 9-26. The 
amplifier is an inverting gain stage; the 
filter is a biquad filter selected for the 
band-pass mode; the rectifier is a full- 
wave rectifier with low-pass filter; and the 
comparator has a variable voltage 



reference on the inverting input The 
output cell is configured for a digital 
output to produce a sharp digital signal for 
processing by other circuits. 

To simulate the operation, an AMI 
input waveform must be captured into a 
data file with time/amplitude pairs so 
that the software signal generator can be 
used. There is a data file selection button 
on the AnadigmDesigner2 signal 
generator dialog box. Using the data file 
waveform generator, you can produce 
any waveform you need. Each record in 
the data file consists of ASCII codes 
representing the time and amplitude of a 
waveform at a point When many of these 
time/amplitude pairs are connected by 
the simulator, a piecewise linear 
waveform is generated. Spreadsheet 
programs are useful in creating piecewise 
linear signal data files, but this topic is 
beyond our scope. 

A PBX signal can originate from 
different switch manufacturers, so the 
signal characteristic that the FPAA imple- 



mentation must handle, usually signal 
amplitude and shape, can vary. The gain 
stage and the reference voltage can be 
reprogrammed to accommodate these 
variations in signal characteristics. The 
frequency used in PBXs is constant so the 
filter does not normally have to be repro- 
grammed. Reconfiguration allows a single 
design to be used to interface with a 
variety of PBX switches. 

Simulate the Design 

Use a 20 kHz, 2 V triangular wave input 
signal to check the circuit- Place probes as 
shown in Figure 19-27 and run the simu- 
lation. Although the input is not an AMI 
type signal, the alternating triangular wave 
shows that the rectifier output is triggering 
the comparator at a reference voltage of 
1 V to produce a digital output, as shown 
in Figure 19-28. The color of each signal 
corresponds to the color of the probe to 
identify the points being measured. 

Using the AnadigmDesigner2 software, 
run this simulation. 
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FIGURE 19-26 



Implemention of the block diagram in Figure 19-25. 
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Change the comparator reference 
voltage to 0.5 V and observe the 
output. 



I Change the comparator reference 
voltage to 1.5 V and observe the 
output. 



Return the reference voltage to I V, 
change the gain of the amplifier to 2, 
and observe the output. 
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FIGURE 19-27 
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FIGURE 19-28 



Waveforms for the circuit in Figure 19-27. 
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CHAPTER SUMMARY 



An FPAA consists of two or more configurable analog blocks. 

Most FPAAs used switched-capacitor circuits. 

A switched-capacitor circuit is based on charge flow and can emulate a resistor with a value 

determined by the capacitance value and the frequency at which it is switched. 

The AN221E04 FPAA has four configurable analog blocks (CABs) arranged in a 2 x 2 matrix. 

An FPAA can be programmed or configured statically while installed on a development or 
evaluation board or dynamically while operating in a system. 

Development software provides for entering a circuit design using a computer, simulating the 
design to make sure that it operates as expected, and downloading the design to an FPAA 
device. 

The setup for statically programming an FPAA requires a computer running the development 
software, an FPAA device installed on a development or evaluation board, and a standard 
between the computer port and the board. 

Typical development software provides configurable analog modules that can be dragged and 
dropped into a design window on the computer screen and then connected. 

Configurable analog modules (CAMs) include standard analog functions such as filters, gain 
amplifiers, rectifiers, comparators, summing amplifiers, integrators, differentiators, and so on 
with programmable parameters. 



KEY TERMS 



Key terms and other bold terms in the chapter are defined in the end-of-book glossary. 

CAB Configurable analog block; one of the programmable elements in an FPAA. generally consisi- 
ing of one or more op-amps, a switch matrix, and a capacitor bank. 

CAM Configurable analog module: a predesigned analog circuit for which some of its parameters 
can be selectively programmed. 

Configuration RAM A random-access memory used in FPAAs for storing configuration data from 
the shadow RAM immediately prior to reconfiguring the FPAA. 

Development software A software that is used for entering a circuit design on the computer, simu- 
lating the design, and downloading the design to the FPAA device. 
Downloading The process of implementing the software description of a circuit in an FPAA. 

Dynamic reconfiguration The process of downloading a design modification or new design in an 
FPAA while it is operating in a system without the need to power down or reset the system; also 
known as On-the-fly reprogramming. 

FPAA Field-programmable analog array; an integrated circuit that can be programmed for imple- 
mentation of an analog circuit design. 

LLT Look-up table; a type of memory that stores preprogrammed data for use in the reconfiguration 
of an FPAA. 

Switched-capacitor circuit A combination of a capacitor and transistor switches used in program- 
mable analog devices to emulate resistors. 

Shadow RAM A random-access memory used in FPAAs for temporarily holding data while the de- 
vice is operating and before it is loaded into the configuration RAM for reprogramming. 
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SELF-TEST 



Answers are at the end of the chapter. 



(b) fast-programmable analog array 
(d) feedback path analog amplifier 



1. The acronym FPAA stands for 
(a) field-programmable amplifier array 
(c) field-programmable analog array 

2. FPAAs contain CABs. which are 

(a) configuration analog blocks (b) capacitor actuated blocks 

(c) configurable amplifier blocks (d) constant amplification blocks 

3. During reprogramming of an FPAA running in a system, the first memory into which 
reconfiguration data are stored is the 

(a) configuration RAM (l>) look-up table (c) main memory (d) shadow RAM 

4. A circuit technology commonly used lo implement designs in FPAAs is 
(a) switched-inductor circuits (b) emulated resistor networks 

(c) switched-capacitor circuits (d) AMI 

5. A typical setup for programming an FPAA must include 

(a) a computer, an FPAA chip on a development board, development software, a standard 
interface, and a bezel tester 

(b) a computer, an FPAA chip on a development board, development software, and a signal 
generator 

(c) a computer, an FPAA chip on a development board, development software, and a standard 
interface to connect the computer and development board 

6. The dynamic reconfiguration of an FPAA is the same as 
(a) on-the-fly reprogramming (b) static configuration 

(d) simulation 



(c) downloading 

7. A CAM is 

(a) a constant analog multiplier (b) a configurable analog module 
(c) a configurable analog matrix (d) a capacitor adjustable module 

8. For best results, you should implement the software design of an analog circuit in an FPAA by 

(a) selecting appropriate CAMs. interconnecting them to each oilier and to inputs and outputs, 
and downloading to ihe FPAA 

(b) selecting appropriate CAMs, interconnecting them to each other and to inputs and outputs, 
running a simulation, and downloading to the FPAA if the simulation is successful 

(c) selecting appropriate CABs, interconnecting them to each other and to inputs and outputs, 
running a simulation, downloading to the FPAA if the simulation is successful, and testing 
the FPAA 



PROBLEMS 
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Answers to all odd-numbered problems are at the end of the book. 



Switehed-Capacitor Circuits 

1. The capacitor in a switched-capacitor circuit has a value of 2200 pF and is switched with a 
waveform having a period of 1 fis . Determine the value of the resistor that it e mulates. 

2. In a switched-capacitor circuit, the 10() pF capacitor is switched at a frequency of 8 kHz. What 
resistor value is emulated? 
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3. Replace the integrator in Figure 19-29 with one that uses a swilched-capacitor with a 
capacitance value of 2200 pF to emulate the resistor. Show the circuit and specify the 
frequency at which the capacitor must be switched. 

FIGURE 19-29 r 




FIGURE 19-30 



4. Replace the integrator in Figure 19—29 with one that uses a switched-capacitor with a 
capacitance value of 330 pF to emulate the resistor. Show the circuit and specify the frequency 
at which the capacitor must be switched. 

5. Determine the resistance that is emulated in the integrator in Figure 19-30. 
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6. Implement a differentiator using a switched capacitor circuit with a fixed input capacitor of 
0.01 /iF. Use a switching frequency of 200 kHz to achieve an effective resistance of 15 kfi. 

FPAA Programming 

The following problems require the AnadigmDesigner2 software that can be downloaded for a free 
60-day trial period. The website address is www.anadigm.com. 

7. Using the software, implement an inverting amplifier with a gain of 20. Simulate the circuit 
using a 20 kHz input sine wave with a peak amplitude of 100 mV. Verify that the circuit is 
operating as expected. 

8. Using the software, implement a noninverting amplifier with a gain of 30. Simulate the circuit 
using a 100 kHz input sine wave with a peak amplitude of 10 mV. Verify that the circuit is 
operating as expected. 

9. Using the software, implement a noninverting low-pass filter with a cutoff (corner) frequency 
of 1 kHz and a gain of 1 . Using simulation, verify that the circuit is operating as expected. 
Choose an appropriate input voltage amplitude. 

10. Using the software, implement a two-stage noninverting amplifier with an overall gain of 100. 
Simulate the circuit using a 100 kHz input sine wave with an amplitude of 20 mV. Verify that 
the circuit is operating as expected. 

11. Using the software, implement an integrator with an output rate of change or integration 
constant of 2 V//ns. Simulate the circuit using an appropriate square wave input to verify that it 
is operating as expected. 

12. Using the software, implement a differentiator with a constant of 0.1 fis. Simulate the circuit 
using an appropriate triangular wave input. Verify that the circuit is operating as expected. 

13. Using the software, implement an inverting band-pass filter with a center frequency of 1 5 kHz, 
a gain of I . and a Q of 10. Using simulation, verify that the circuit is operating as expected. 
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1 4. Using the software, implement an invert] ng high-pass filter with a cutoff (corner) frequency of 
20 kHz and a gain of 1 . Using simulation, verify that the circuit is operating as expected 
Apply an input signal of 1 V. 
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SECTION 1 9- 1 The Field-Programmable Analog Array (FPAA) 

1. FPAA is field-programmable analog array. 

2. CAB is configurable analog block. 

3. CABs and the interconnection network are FPAA programmable features. 

4. Switched-capacitor networks 
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Switched -Capacitor Circuits 

1. Switched-capacitor circuits are used to emulate resistors. 

2. By moving the same amount of charge corresponding to the current in the equivalent 
resistance 

3. The resistance is determined by the switching frequency and the capacitance value. 

4. MOSFETs are used for switches. 
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A Specific FPAA 

1. An AN22IE04 FPAA CAB contains two op-amps, a comparator, control logic. RAMs. clock 
generator. LUT interface, SAR logic, and output interface. 

2. The shadow RAM and the configuration RAM 

3. The switch matrix provides for programmable interconnections and implementation of 
switched-capacitor circuits within a CAB. 

4. The NOL clock generator provides non-overlapping clock signals for the switched-capacitor 
operation. 

FPAA Programming 

1. Development software provide.s for entering a circuit design on the computer, simulating the 
design, and downloading the design to the FPAA chip. 

2. A CAM is a configurable analog module. 

3. Downloading implements the software circuit in hardware (FPAA). 

4. Static reconfiguration is the process of changing the design in a FPAA, requiring power down 
or reset. Dynamic reconfiguration allows a new design or design modification to be made 
while the FPAA is operating in a system without reset. 

5. The term "on-the-fly~. used to describe FPAA reconfiguration, means the same thing as 
dynamic reconfiguration. 
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1- (b) 2. (a) 



3.(d) 4. (c) 5.(c) 6. (a) 7. (b) 8. (c) 



A: Table of Standard Resistor Values 



Resistance Tolerance (± l . 



0.1* 




0.1% 




0.1% 








0.1% 






0.1% 






0.1% 








0.25% 1% 


2*. 


10% 0.25% 1% 2% 


10% 


0.25%. 


1% 


2% 


10% 


0.25% 


1% 


1% 


10% 0.25% 1% 


2% 


10% 


0.25% 1% 


2% 


10% 




0.5% 


5% 


0.5*. 5% 




0.5% 




5% 




0.5% 




5% 


0.5% 


5% 




0.5% 


5% 






10.0 


0.0 


10 


10 


14.7 


14.7 




— 


215 


21.5 




— 


31.6 


31.6 




46.4 46.4 


— 


— 


68.1 


J8.I 


68 


68 




10. 1 


— 


— 


— 


14.9 


— 


— 


— 


21.8 


— 


— 


— 


32.0 


I 


— 


— 47.0 — 


47 


47 


69.0 


— 


— 


— 


10.2 


0.2" 


— 


— 


15.0 


15.0 


15 


15 


22.1 


22.1 


22 


'22 


32.4 


32.4 


— 


— 47.5 47.5 


— 


— 


69.8 


W.8 


— 


— 


10.4 


— 


— 


— 


15.2 


— 


— 


- 


22.3 


— 


— 


— 


32.8 


— 


— 


48.1 — 


— 


— 


70.6 


— 


— 




10.5 


0.5 


— 


— 


15.4 


15.4 


— 


— 


22.6 


22.6 


— 


— 


33.2 


33.2 


33 


33 48.7 48.7 


— 


— 


713 


n.5 


— 


— 


10.6 


— 


— 


— 


15.6 


— 


— 


■~ 


22.9 


— 


— 


— 


33.6 


r~~ 


— 


493 


— 


— 


723 


— 


— 


— 


10.7 


0' 


— 


— 


15.8 


15.* 


— 


— 


21.2 


23.2 




— 


34.0 


34 X) 


— 


— 49.9 49.9 


— 


— 


73.2 


r3.2 


— 


_ 


10.9 


— 


— 


— 


16.0 


— 


16 


— 


23.4 


— 


— 


— 


34.4 


— 


— 


— 50.5 — 


— 


— 


74.1 


— 


— 


— 


11.0 


1.0 


11 


— 


16.2 


16.2 


— 


— 


23.7 


23.7 


— 


— 


34.8 


34.8 


— 


— 51.1 51.1 


51 


■— 


75.0 


75.0 


75 


— 


11.1 


— 


— 


— 


16.4 


— 


— 


— 


24.0 




24 


— 


35.2 


— 


— 


— 51.7 


— 


- 


75.9 


— 


— 


— 


11.3 


14 


— 


— 


16.5 


16-5 


— 


- 


24.3 


24.3 


— 


— 


35-7 


35.7 


— 


52.3 52.3 


— 


— 


76.8 


7-6.8 


— 


— 


11.4 


— 


— 


— 


16.7 


— 


— 




24.6 


- 


— 


— 


36.1 


— 


36 


— S3.0 — 


— 


— 


77.7 


— 


— 


— 


11.5 


11.5 


— 


— 


16.9 


16.9 


— 


— 


24.9 


24.9 




— 


36.5 


36.5 


— 


53.6 53.6 


— 


— 


78.7 


78.7 


— 


.— 


11.7 


— 


— 


— 


17.2 


— 


— 


— 


25.2 


- 


— 


— 


37.0 


— 


— 


— 54.2 ■ 


— 


— 


706 


— 


— 


— 


11.8 


1.8 


— 


— 


17.4 


17.4 


— 


— 


253 


25.5 




— 


37.4 


37.4 


— 


54.9 54.9 


— 


— 


80.6 


HO* 


— 


— 


12.0 


— 


12 


12 


17.6 


— 


— 


— 


25.8 


— 


— 


— 


37.9 


— 


— 


— 56.2 — 


— 


— 


81.6 


— 


— 


— 


12.1 


12.1 


— 


— 


17.8 


17.8 


— 


— 


26.1 


26.1 


— 


— 


38.3 


38.3 


— 


— 56.6 56.6 


56 


56 


823 


S2.5 


82 


82 


12.3 


— 


— 


— 


18.0 


— 


18 


IS 


26.4 


— 


— 


— 


38.8 


— 


— 


— 56.9 


— 


— 


833 


— 


— 


— 


114 


12.4 


— 


— 


18.2 


18.2 


— 


— 


26.7 


26.7 


— 


— 


39-2 


39.2 


39 


39 57.6 57.6 


— 


— 


84.5 


S4.5 


— 


— 


12.6 


— 


— 


— 


18.4 


— 


— 


; 


27.1 


- 


27 


27 


39.7 


— 


— 


— 58.3 


— 


— 


85.6 


— 






12.7 


12.7 


— 


— 


18.7 


18.7 


— 


— 


27.4 


27.4 


— 


— 


40.2 


40.2 


— 


— 59.0 59.0 


— 


— 


86.6 


86.6 


— 


— 


12.9 








18.9 








27.7 








40.7 


- 


— 


— 59.7 — 


— 


— 


87.6 


— 


— 


— 


13.0 


13.0 


13 


— 


19.1 


19-1. 


— 


— 


28.0 


28.0 


— 


— 


41.2 


41.2 


— 


60.4 60.4 


— 


— 


88.7 


88.7 


— 


— 


13.2 


— 


— 


— 


19-3 


— 


— 


— 


28.4 


- 


— 


— 


41.7 


— 


— 


— 61.2 — 


— 


— 


89.8 


— 


- 


- 


13.3 


13.3 


— 


— 


19.6 


19.6 


— 


— 


28.7 


28.7 


— 


— 


42J 


422 


— 


— 61.9 61-9 


62 


— 


90.9 


90.9 


91 


— 


13.5 


— 


— 


— 


19.8 


— 


— 


— 


29.1 


— 


— 


— 


42.7 


— 


— 


— 62.6 — 


— 


— 


92.0 


— 


— 


— 


13.7 


13.7 


— 


— 


20.0 


20.0 


20 


— 


29.4 


29.4 


— 


I 


43.2 


43.2 


43 


63.4 63.4 


— 


- 


93.1 


93.1 


— 


— 


13.8 


— 


— 


— 


20.3 


— 


— 


— 


29.8 


— 


— 




43.7 


— 


— 


— 64.2 — 


— 


— 


94.2 


— 


— 


— 


14.0 


14.0 


— 


— 


20.5 


20.5 


— 


- 


30.1 


30.1 


30 


— 


44.2 


44.2 


— 


64.9 64.9 


— 


— 


95.3 


95.3 


— 


— 


14.2 


— 


— 


— 


20.8 


— 


— 


_ 


30.5 


— 


— 


— 


44.8 


— 


— 


— 65.7 — 


— 


— 


96.5 


— 


— 


.— 


14.3 


14.3 


— 


- 


21.0 


21.0 




— 


30.9 


30.9 


— 


— 


453 


453 


— 


66.5 663 


— 


— 


97.6 


n.6 


— 


— 


14.3 


— 


— 


— 


21.3 


— 


— 


— 


31.2 


— 


— 


— 


45.9 


— 


— 


— 67.3 — 


— 


— 


98.8 


— 


- 


— 



NOTE: These values arc generally available in multiples of 0.1. I. 10. 100. I k.and I M. 
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B: Derivations of Selected Equations 



EQUATION 2-1 



The average value of a half-wave rectified sine wave is the area under the curve divided by 
the period (2ir). The equation for a sine wave is 



v = V r sin 
area 



Kwg = -^ = ^:J v r s\n e de = ^(-cos e% 



2tt 



^-[-cos^ _ ( _ cos0)] = ^[-(-1) - (-1)] = ^(2) 



i/ - — - 

»AVG ~~ _ 



EQUATION 2-11 

Refer to Figure B-l. 



,'V= V „ nf "■ 



V, 



ptmo 




rtpp) 



P;rq 



FIGURE B-1 



When the filter capacitor discharges through R L , the voltage is 

Since the discharge time of the capacitor is from one peak to approximately the next peak, 
'dis — T when v c reaches its minimum value. 

v C( ™ n ) = V^f- 7 " 1 * 

Since RC » T, T/R,C becomes much less than 1 (which is usually the case); e 7/ " lC ap- 
proaches 1 and can be expressed as 

T 



e-VKC^y _ 



R,C 



Therefore, 



V C(mm) - Vp(,ec) I ' R ^ I 
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The peak (o-peak ripple voltage is 

Vp<r«-»)T VpUecl) 



M/V) *p(re«) •Xfmin) *p{rca) *p(r«i) + ^ q ,., , 

Vr( '"' ) ~^^ z cj v ''' (rat) 



EQUATION 2-12 



To obtain the dc value, one-half of the peak-to-peak ripple is subtracted from the peak value. 



''DC - V ^mt) 2 ~ ^P("«) \2fR Cl Vpi '" 

1 



1 ~2fR L c) Vr{ " 



EQUATION 6-1 

The Shockley equation for the base-emitter pn junction is 

where / E = the total forward current across the base-emitter junction 
/ R = the reverse saturation current 
V = the voltage across the depletion layer 
Q = the charge on an electron 
k = a number known as Boltzmann's constant 
T = the absolute temperature 

At ambient temperature, Q/kT s 40, so 

7 E = / R ( c l *°-1) 
Differentiating yields 

dV R 

Since I R e vw = l E + / R . 



Assuming / R « / E , 



dl F 



The ac resistance r' r of the base-emitter junction can be expressed as dV/d/ B . 

J - dV ~ 1 - 25 mV 
e ~ dl E ~ 40/ E ~ / E 
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EQUATION 6-14 

The emitter-follower is represented by the r parameter ac equivalent circuit in Figure B-2(a). 




(a) 
FIGURE B-2 




' B v.. = v„ 



(b) 



By thevenizing from the base back to the source, the circuit is simplified to the form 
shown in Figure B-2(b). 

V„ut = V„ /„„, = /,,, and l in = I,, 
R -■£ 

K aa - , 
'g 

h = PaJb 

With V s = and with /,, produced by V ma , and neglecting the base-to-emitter voltage drop 
(and therefore i\), 

V. 





'b - 


Kill*: 


\R> 




Assuming 


that R, 


» R, and /?, 


» R>- 




't 


~ ft* 








*Oltt 


= l e = 








v aui 


v r 


K 


R, 



La h PmYjR, /3 ot 

Looking into the emitter. /? L appears in parallel with Rj/3 UC . Therefore, 



; { p ' A " 



MIDPOINT BIAS (CHAPTER 7) 

The following proof is for the equation on page 345 that shows / D s 0.5/ DSS when 
Vos = V OS{ulf) /3A. 
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Start with Equation 7-1: 



Let /■„ = 0.5/dbs- 



'gs 



V, 



GS(off) 



0.5/nss — lnssA I 



'GS 



V, 



GS(uff) , 



Cancelling / DSS on each side, 



0.5 = 1 - 



'GS 



V, 



GS(ofT) 



We want a factor (call it F) by which V GS(off) can be divided to give a value of V GS that will 
produce a drain current that is 0.5/ DSS . 

V '(,S|.|:i\ 



0.5 = 



1 



T 



^GS(ofT) J 



Solving forF, 



'0.5 = 1 - 



'OS - I - — 



V, 



GS(orr) 



'GS(off) 



1-i-VS 



= 1 "? 



F = 



= 3.4 



i - Vol 

Therefore, / D = 0.5/css when V GS = Vcs(orf>/3.4. 



EQUATION 8-5 



'D — 'DSS 



V G5{oH) 



M-£*- 



/dRs 



V, 



GS(oft; 



/ 2/pfts / D /?l ^ _ , 2I DSS R S i I^RJ 

'DSS I ' 1/ + ,/2 I _ 'DSS v ' D + 1/2 D 

V VGS(off) ycS{oll)/ ^GSIoff) *GS(off) 



Rearranging into a standard quadratic equation form. 

A)SS"S \ ,? 



^GS(off) 



ft- 14 



V, 



cis(cfr) 



'd + 'dss = 



The coefficients and constant are 



Vl 



GS(off) 



B =- 1 + 



C ~ 'dss 



2/M, 



S'DSS 



'GS(nff) 
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In simplified nolalion, the equation is 



All + DI D + C = 



The solutions to this quadratic equation are 
-B ± Vfi 2 - 4AC 



/n = 



24 



EQUATION 10-1 

An inverting amplifier with feedback capacitance is shown in Figure B 3. For the input. 



/. = 



v,- V 2 



x c 

Factoring V, out, 

V,(l - V 2 /V t ) 



I, = 



X c 



The ratio V 2 /V t is the voltage gain, -A,- 
f = V,(l + A„) = V, 

a c "x c /(i+/y 

FIGURE B-3 




The effective reactance as seen from the input terminals is 
X c 



Xc 



1 + A r 



or 



ZvfCHMm 2irfC{\+A x ) 
Cancelling and inverting. 

Qn(Miller) = C(A r + 1) 



*2 
-O 



EQUATION 10-2 

For the output in Figure B-3. 

j = Vi ~ Vi ^ Vi(l - Vi/Vfr) 

x c x c 

Since VjV 2 = -\/A v , 

V 2 (I + 1/A,) 



/* = 



V, 



V-, 



X r 



X c /(1 + 1/A,.) X C /[(A V + 1)/A„] 
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The effective reactance as seen from the output is 
X c 



*c 



1 I 



2irfC oin{mier] 2irfC[(A v + \)/A v \ 
Cancelling and inverting yields 

!k + i ' 

C, nl ,(MMer) ~ C 

EQUATIONS 10-29 AND 10-30 

The total gain, A l1lal)r of an individual amplifier stage ai the lower critical frequency equals 
the midrange gain, A,,,,,,-,,,, times the attenuation of the high-pass RC circuit. 

f =— l — 

J " IttRC 
Dividing both sides by any frequency/ 

fc, I 



/ 


{2irfC)R 






Since X c = 


UliijC, 






k- 


Xc 






f 


R 






Substitution 


i in the gain formula gives 

I l 

— A , A 


"limid) I 


,Vi 


+ {fjff 


The gain ratio is 






"f(lol' : 


I 


1 





Kw Vl 4 (fjff 

For a multistage amplifier with n stages, each with the same// and gain ratio, the product 
of the gain ratios is 

1 



■ Vi +&///) 2 ' 

The critical frequency /,'., of the multistage amplifier is the frequency at which A lilol) = 
0.707A,, m/d; , so the gain ratio at f' d is 

^> =a707 = ^_ ' 

A, v „ij) 1.414 V2 

Therefore, for a multistage amplifier, 

j_=r i t= \ 

V2 l vi + (fjf rl ) 2 J ( Vi + (fjtifr 

So 

2 ,/2 = (Vl + [fjf'rff 
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Squaring both sides, 

2 = + (f,,/f;,) 2 r 

Taking the nth root of both sides, 

2 l/rt = 1 + (fjfl,) 1 
(fcY 



- 2 ,/n — 



1 



Jcl 

-J = V2 l/n - 1 

f _ fd 

Jcl ~ 



A similar process will give Equation 10-30: 



/;,=/„,V2 ,/ "-i 



EQUATIONS 10-31 AND 10-32 

The rise time is defined as the time required for the voltage to increase from 10 percent of 
its final value to 90 percent of its final value, as indicated in Figure B-4. 



Vfm.,1 




FIGURE B-4 



Expressing the curve in its exponential form gives 

v= V final (l -e-" RC ) 

When v = 0.1 V^ 

0.1V fiM] = V nnal (l - e~ ,/RC ) = V llIBl - V linal e ,/RC 
VW~' /RC = 0.9V r , n „ 
e~" RC = 0.9 
In e-" RC = ln(0.9) 

t = 0.1RC 
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When v = 0.9V, 



final' 

0-9V nnal = V fllBl (l - e-" RC ) = V final - V M e-" RC 

lne -./Rc = ln ( .|) 

- J- = -2.3 
RC 

t = 23RC 
The difference is the rise time. 

t r =23RC-0.\RC = 2.2RC 
The critical frequency of an RC circuit is 
1 



f,-- 


2-nRC 








RC- 


1 

2irf, 








Substitutin 


a 








'r = 


2.2 


0.35 
Jcu 






/«,= 


0.35 
t, 








Inasimilai 


way, it can besh 


own 


that 


f. - 


0.35 









EQUATION 12-21 

The formula for open-loop gain in Equation 12-10 can be expressed in complex notation as 



'" i + if/ few 

Substituting the above expression into the equation A tt — A„,/(\ + BA,,,) gives a formula for 
the total closed-loop gain. 

Arf(«M)/(l +if/fc(*)) 

A,. I — 



1 + BA ol{mid) /{\ +jf/f <ol) ) 
Multiplying the numerator and denominator by I + jf/f,,,,!, yields 

Kl = 



cl 1 + BA^v + jf/f l{lll 



DERIVATIONS OF SELECTED EQUATIONS ■ 943 



Dividing the numerator and denominator by I + BA ol(mid) gives 
The above expression is of the form of the first equation 



A tl[mid) 



1 + Jf/Un 

where J^e/j is the closed-loop critical frequency. Thus. 

/rid) = /r(o/)(' "■" "Ajityiiidj) 

EQUATION 16-1 



JK-jSQA* #) R(-j!K) 



V w (/? - yX) + R(-jX)/(R - jX) (R - jA") 2 - jRX 

Multiplying tlie numerator and denominator by j, 

Vaa = RX = RX 

V* J{R - JX) 2 + RX RX + JiR 2 - J2RX - X 2 ) 
= RX = RX 

~ RX + jR 2 + 2RX - jX 2 ~ 3RX + j{R 2 - X 2 ) 

For a 0° phase angle there can be no 7 term. Recall from complex numbers in ac theory 
thai a nonzero angle is associated with a complex number having &j term. Therefore, atf r 
the j term isO. 

R 7 - X 2 = 

Thus, 



» mil 


RX 
3RX 


Cancelling 


yields 


'out 
Vu, 


1 

~ 3 



EQUATION 16-2 

From the derivation of Equation 16—1, 
R 2 - X 2 = 
R 2 = X 2 
R = X 



1 
Since X = 



R = 
f,= 



1 

277/ r C 

I 

IttRC 
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EQUATIONS 16-3 AND 16-4 

The feedback circuit in the phase-shift oscillator consists of three RC stages, as shown in 
Figure B-5. An expression for the attenuation is derived using the mesh analysis method 
for the loop assignment shown. All Rs are equal in value, and all Cs are equal in value. 

(R-jl/lirfC)!, -R/ 2 + 0/ 3 = V,„ 
-/?/, + (2/? - j\/2irfC)h - RI } = 

0/, - RI 7 + (2R ~ j\/27TfC)] 3 = 




FIGURE B-5 



In order to get V„,„, we must solve for I 3 using determinants: 



h- 



h = 



(R-j\/2ttJC) -R V,„ 

-R (2R-jl/2irJC) 

-R 



{R-jl/2irJC) -R 

-R (2R -jI/2ttJ'C) -/? 

-R (2R - jl/lirfC) 

R% 

[R - j\/27rfC){_2R - j\/27rfCf - R\2R -j1/2ttjC) - R 2 (R - l/2nJC) 



V m= Rh 

V- V 

' III * 111 



R> 



[R -j\/27TfC)(2R -jl/lTTfCf - R\2 - jlfl-nfRC) - R\\ - l/2irfRC) 

^ 

/? 3 (l -jl/2nfRC){2-jl/27rfRC) 2 - R\(2 - jl/2nJRC) - (1 -jl/2irfRC)] 

/? 

/?(! - jl/2irfRC){2 - jl/2wfRC) 2 - R\3 - j\f2irfRC) 



V in (I - j\/2itfRC)(2 -j\/2irfRCf - (3 -jl/lir/RC) 
Expanding and combining the real terms and they terms separately. 



V,„ 



1 



1 - 



J 6 



1 



AttT-R 2 ^) J \2itJRC (2irf) i R } C 3 
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For oscillation in the phase-shift amplifier, the phase shift through the RC circuit must equal 
180' . For this condition to exist, the j term must be at the frequency of oscillation f r . 

6 ' =0 



iTTfJlC (277-/, JVC 3 

6(2tt) 2 / 2 R 7 C z - 1 



= 



6(27t) 2 /, 2 /? 2 C 2 -1=0 

1 



f.= 



6{2tt) 2 R 2 C 2 
1 



2itV6RC 

Since they term isO. 

Vqu, _ 1 1 = I = _J_ 

V„, '" _3 5 " 1 - 30 " 29 



V6RCJ 



The negative sign results from the 1 80" inversion. Thus, the value of attenuation for the 
feedback circuit is 



Answers To Odd-Numbered Problems 



Chapter 1 

1. 6 electrons; 6 protons 

3. (a) insulator (b) semiconductor (c) conductor 

5. Four 

7. Conduction band and valence band 

9. Antimony is a pentavalent material. Boron is a trivaleni 
material. Both are used for doping. 

11. No. The barrier potential is a voltage (hop. 

13. To prevent excessive forward current. 

15. A temperature increase. 

17. (a) -3V (b) 0.7 V (c) 0.7 V (d) 0.7 V 



17. V,. w = 1.25 V;Voc = 48.9V 

19, 4% 

21. See Figure ANS-3. 



+0.7 V -, 




-10V 



FIGURE ANS-3 



23. See Figure ANS-4. 



19. V A = 25 V; V„ = 24.3 V; V c = 
21. Diode open 


= 8.7 V: V D = 8 V 


(a) 


^J~V 




23. Diode shorted 
25. Diode shorted 




(M 

(O 


T7WY 




27. Diode open 


u — 




Chapter 2 


J^J~\r 




1. See Figure ANS-1. 


Z7\ 


(<1) 

(e) 

(f) 
FIGURE ANS-4 


T-7WY 




4.3 V-— ^-vr 


ii 




n _/ \ 






V 

60 






\ f~ 


z\/ 




-49.3 V---^—^ 







(b) 








FIGURE ANS-1 




25. See Figure ANS-5. 

»A 7 \; _ .nlii 






(c) 16.4 V (d) 10.5 V 




3. 23Vrms 


+0.7 \/ V 


h ' 




5. (a) 1.59 V (b) 63.7 V 
7. 173 V 


u \ 

f 1 T V Ji . 


J \ 

_ —f V\1\l — — __Jk- 


/ 


U-/ v 

(a) 


(b) 




9. 78.5 V 




FIGURE ANS-S 






11. See Figure ANS-2. 








A 




27. (a) A sine wave with a positive peak at +0.7 V, a 
peak at -7.3 V, and a dc value of -3.3 V. 


negative 


A / 


A 




V 

-29.7 V— ^ 


V 


(b) A sine wave with a positive peak at +29.3 V. 
peak at -0.7 V. and a dc value of + 14.3 V. 


a negative 


FIGURE ANS-2 




(c) A square wave varying from +0.7 V down to 
with a dc value of -7.3 V. 


-15.3 V, 








13. V r = 8.33 V;V DC = 25.8 V 




(d) A square wave varying from + 1 .3 V down to 
widi a dc value of +0.3 V. 


-0.7 V, 


15. 556 jaF 




29. 56.6 V 
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4 


II 


i.o n 










= 1200//F 









-yv 



•90.0 



All IN400I 



FIGURE ANS-* 



31. 50 V 

33, 62,5 mfi 

35. /?,„,„. is open. Capacitor is shorted. 

37. The circuit should not fai I because the diode ratings exceed 
the actual PIV and maximum current. 

39. Excessive PIV or surge current causes diode to open each 
time power is turned on. It could he a faulty transformer or 
maybe the diodes do not have sufficient PIV rating. 

41. 177 /iF 

43. 65 1 mQ (nearest standard 0.68 fi) 

45. See Figure ANS-6. 

47. V a = 155 V; Vc: = 310 V 

49. Diode leaky 

51. Bottom diode open 

53. Open filter capacitor 

55. D, open 



Chapter 3 

1. See Figure ANS-7. 



= 12.3 V---- 



Zcner equivalent 
7.5 V 
' 1 + 



Tl 



5 ft 

VrV 



FIGURE ANS-7 



3. 5Q 

5. 6.92 V 

7. 14.3 V 

9. See Figure ANS-8. 



-0.7 V ' 



FIGURE ANS-8 



11. 14.3% 

13. 3.13% 

15. 5.88$ 

17. 3 V 

19. =2.5V 

21. SeeFisureANS -9. 



+5V 




;I47!1 



FIGURE ANS-9 



23. (a) 30kfi (b) 8.57 kI2 (c)5.88kfi 

25. -750Q 

27. The reflective ends cause the light lo bounce back and forth, 
thus increasing the intensity of the tight. The partially 
reflective end allows a portion of the reflected light to be 
emitted. 
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29. (a) = 30Vdc 

(b) OV 

(c) Excessive 1 20 Hz ripple limited to 12 V by zener 

(d) Full- wave rectified waveform limited at 12 V by zener 

(e) 60 Hz ripple limited to 12 V 

(f) 60 Hz ripple limited to 1 2 V 
(g)0V 

(h) V 

31. Could be fuse, transformer, limiting resistor, or surge resistor 

open. Also, capacitor or zener could be shorted- Cannot 

isolate farther with given measurements. 
33. D, open, /?, open, no dc voltage, short in threshold circuit 
35. (a) 60 V (b) 307 mW 

(c> 1.27 W (d) 21 pF 

(e) 1N5139 (f) 4.82 pF 

37. (a) Reverse-bias voltage (b) 940 run 

(c) 40 nA (d) 940 run 

(e) 40/M/mW/cnr (f) 104 /aA 



39. V, 



WTO) 



= 6.8V;V' olJT(2) =24V 



41. See Figure ANS-10. 




24 V dc 



FIGURE ANS-10 



43. See Figure ANS-I I . 
45. Zener diode open 
47. Zener diode shorted 

Chapter 4 

1. Holes 

3. The base is narrow and lightly doped so that a &mall 

recombination (base) current is generated compared to the 
collector current. 

5. Negative, positive 

7. 0.947 

9. 101.5 

11. 8.98 mA 

13. 0.99 

15. (a) V Be = 0.7 V, Vce = 5. 1 V, V CB = +4.40 V 

(b) V BE = -0.7 V, V CE = -3.83 V. Vcb = -3.13 V 

17. I B = 30 nA, 1 E = 1.3 mA, / c = 1 .27 mA 

19. 3/xA 

21. 425 mW 

23. 33.3 

25. 500 juA. 3.33 /iA. 4.03 V 

27. SeeFigureANS-12. 

29. Open, low resistance 

31. (a> 27.8 (b) 109 

33. Q 2 or Qa shorted collector to emitter, short from pin 2 of 
relay to ground, Q x or Q y open collector to emitter 

35. (a) 40 V (b) 200mAdc (c) 625 mW 

(d) 1.5 W (e) 35 
37. 1.26W 
39. (a) Saturated (b) Not saturated 



1 12 V 



;560il <560U 3r 560.11 < 56011 < 560 11 >560i) > 560 11 



«"±V *v **"*iV c t^ /to* *fc" 



FIGURE AIMS-11 



B 

E C 




EBC 

Varies 



FIGURE ANS-12 
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41. (a) No parameters are exceeded, 
(b) No parameters are exceeded. 
43. Yes. marginally; Va = 0.8 V; / c = 75 mA 
45. See Figure ANS-13. 

+9 V 




2NWCM- 



FIGURE ANS-13 



47. 


R B shorted 




49. 


Collector-emitter shorted 


51. 


« E leaky 




53. 


fig open 




Chapter 5 




1. 


Saturation 




3. 


18 mA 




5. 


K CE = 20V:/ C(sao =2mA 


7. 


See Figure ANS- 


-14. 




P Dfmin) = 


20 mW 
186 kfl > 




4_[ 
10V — 

"I 





; 1.2 kfl 



FIGURE ANS-14 



9. 69.1 

11. / c = 809 /nA; Vce = 13.2 V 
13. See Figure ANS- 15. 




15. 


(a) -1.41 mA. 8.67 V 








(b) 12.2 mW 




17. 


/ co - 92.5 mA; Vceo = 2.75 V 




19. 


27.7 mA to 69.2 mA: 6.23 V to 2.08 V: Yes 




21. 


V B = -391 mV; V h = -I.10V; V c = 3.22 V 


23. 


0.09 mA 




25. 


/ c = 16.3 mA: Vce = -6-85 V 




27. 


2.53 k£2 




29. 


7.87 mA; 2.56 V 




31. 


(a) Open collector 

(b) No problems 

(c) Transistor shorted collector-to-emitter 

(d) Open emitter 




33. 


(a) 1: 10 V, 2: float, 3 


-3.59 V, 


4: 10 V 




(b) I: 10 V. 2:4.05 V. 3 


4.75 V, 


4:4.05 V 




(c) MOV. 2:0V, 3 


OV. 


4: 10 V 




(d) 1: 10 V. 2:570mV. 3 


1 .27 V. 


4: float 




(e) I: 10 V, 2:0 V. 3 


0.7 V. 


4:0V 




(f) 1: 10V, 2:0V, 3 


3.59 V, 


4: 10V 


35. 


R, open. V? 2 shorted. BE junction open 




37. 


Vc—Vac- 9.1 V, V' B normal, V E = V 




39. 


None are exceeded. 




41. 


457 mW 




43. 


See Figure ANS- 1 6. 







+ 15 V 




2.0 kP. 

2N3903 

Nearest standard values 
assuming P^- = 100 



FIGURE ANS-16 



45. See Figure ANS- 17. 




?,N39W 



1 .0 kil 



FIGURE ANS-15 



FIGURE ANS-17 
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47. Yes 

49 > ^cdq wi " be lei *s. causing the transistor to saturate at a 

slightly higher temperature, thus limiting the low temperature 
response. 

51. K t open 

53. R 2 open 

55. fit shorted 

Chapter 6 

1. Slightly greater than I mA min. 

3. 8.33 Q 

5. r[ = 19Q 

7. See Figure ANS- 1 8. 



+15 V 



-22kfi 



■4.7 kO 



-2.2 kf! 



■l.Okfl 



DC equivalent 




2 kfl <4.7kll <l.0kll < 2.2 til 



AC equivalent 



FIGURE ANS-18 



9. (a) 1.29 kQ (b) 968 fi (c) 171 

11. (a) V B = 3.25 V (b) V E = 2.55 V 

(c) / E = 2.55 mA (d) / c = 2.55 mA 
(e) V c = 9.59 V (f) V CE = 7.04 V 

13. A[. = 131: 6= 180° 

15. /»,„„,„, = 65.5M„„„„, = 2.(16 

17. A,, is reduced lo approximately 30. See Figure ANS- 19. 

19. 4*4 -3.1 We four = 106 V 

21. 270 fi 

23. 8.8 

25- Rimcmi„ rn = 2 - 28 ** A * = 526 : -4/ = 1 : \ = 526 
27. 400 




FIGURE ANS-19 



29. (a) A„, -93.6,A, 2 = 302 

(b) A[. = 28.267 

(c) A rlldai = 39.4 dB. A r2ldB| = 49.6 dB. A[. m = 89.0 dB 
31. V B , = 2.16 V, V EI = 1.46 V, V C1 = 5.16 V, V B2 = 5.16 V, 

Ve, = 4.46V. V C2 s7J4V.A,„ = 66.A r2 = 179. A[. = 11.814 
33. (a) 1. 4 1 (b) 2.00 (c) 3.16 (d) 10.0 (e) 100 
35. V,: differential output voltage 

V 2 : noninverting input voltage 

Vy. single-ended output voltage 

V A : differential input voltage 

/,: bias current 
37. (a) Single-ended input: differential output 

(b) Single-ended input: single-ended output 

(c) Differential input: single-ended output 

(d) Differential input: differential output 
39. Cutoff. 10 V 

41. 



TEST POINT 


DC VOLTS 


AC VOLTS (RMS) 1 


input 


OV 


25 /xV 


Chase 


2.99 V 


20.8 ix\ 


Gi emitter 


2.29 V 


OV 


Qx collector 


7.44 V 


1.95 inV 


ft base 


199 V 


1.95 mV 


Q 2 emitter 


2.29 V 


0V 


Q 2 collector 


7.44 V 


589 mV 


Output 


0V 


589 mV 



43. (a) V c = 5.87 V. V, . = 850 mV 

(b) V c = 5.87 V. V r = 0V 

(c) V C = 5.87V,V, =0V 

(d) V c = 5.87 V. V c = 203 mV 

(e) V c = 5.87 V. V c =0V 
(I) V c = 0V, V,=0V 
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"68kf! 






-K- 



I0//F 



FIGURE ANS-20 



-*v 




> "S > "7 

2.2 kit <" IOOk!2^-4.7klJ 



10/iF 



l.OkO 




:«6 

•22kft 5-22011 



I.0M1 _ | — 100//F 



45. (a) C, is off (b) 9 V (C) 5.87 V 

47. (a) 700 (b) 40 Q (c) 20 kD 

49. A leaky coupling capacitor affects ihe bias voltages and 
attenuates the ac voltage. 

SI. See Figure ANS-20. 

53. See Figure ANS-2 1. 







+ 1 
< 


3V 

j> 




> W ' 




c l 


>l20kfi 

1 v* - "^ 




o-4U 


,. I V 1 IMIOA-) 






»-|20kfl 


r 

If 




11 ° 
1/rF 

►5.1 kfl 






r "^ 


FIGURE AN5-21 





55. See Figure ANS-22. 
C, 

'-Hf- 

5IOil 
FIGURE AN5-22 



2N3904 



C, 



c 3 >2.okn 



:«c 
180 n 



+6V 



57. A v = fi c //J 

A,, s (^7/^/(0.025 V// c ) = V^/0.025 = 40^ 
59. C 2 shorted 
61. C, open 
63. C, open 

Chapter 7 

1. (a) Narrows (b) Increases 
3. See Figure ANS-23. 

D 





p-channel 



FIGURE ANS-23 



5. 5 V 
7. 10 mA 
9. 4 V 
11. -2.63 V 

13. g m = 1429 nS. y fs = 1429 /xS 
15. V GS = 0V, / D -8mA 

Vcs= -1 V,/ D = 5.12 mA 

V GS = -2 V,/ D = 2.88 mA 

Vgs = -3 V,/ D = 1.28 mA 

v 'os = -4 V. I D = 0.320 mA 

V cs =-5V,/ D = 0mA 
17. 800 fi 

19. (a) 20 mA (b) 0A (c) Increases 
21. 211 n 
23. 9.80 Mfi 
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25. 
27. 
29. 
31. 
33. 
35. 

37. 
39. 
41. 

43. 
45. 
47. 
49. 
51. 
53. 
55. 
57. 

59. 
61. 
63. 

65. 



/ D s 5.3 mA, Vgs=2.1 V 

/ D =l.9mA,V GS = -1.5V 

The enhancement mode 

The gate is insulated from the channel. 

4.69 mA 

(a) Depletion (b) Enhancement 

(c) Zero bias (d) Depletion 

(a) 4 V (b) 5.4 V (c) -4.52 V 

(a) 5 V. 3. 18 mA (b) 3.2 V. 1 .02 mA 

/?r> or R s open, JFF.T open D-to-S, V' Dn = V, or ground 

connection open. 

No change 

The 1 .0 MQ bias resistor is open. 

Voirr = 300 mV for pH = 5; V 0UT = -400 mV for pH - 9 

V OUT = +12.1 V assuming typical values. 

(a) -0.5 V (b) 25 V (c) 310mW (d) -25 V 

2000 /iS 

IV 

/ D = 13 mA when V w = + 3 V. / D = 0.4 m A when V^ = 

-2V. 

-3.0 V 

/ D - 3.58 mA; Vgs = -4.21 V 

6.01V 

See Figure ANS-24. 

+ 12V 



HI- 



f, -?-2oofi 
15 kfl 



IH 




:«s 

100 i! 



FIGURE AN5-24 



67. R shorted 

69. /?, open 

71. R D open 

73. Drain-source shorted 

Chapter 8 

1. (a) 60 /jA (b) 900 /xA (c) 3.6 mA (d) 6 mA 

3. 14.2 

5. (a) n-channel D-MOSFET with zero-bias: V'gs = 

(b) p-channel JFET with self-bias; V cs = -0.99 V 

(c) /(-channel E-MOSFET with VGltage-divider bias; Vqs = 
3.84V 



7. 



9. 

11. 
13. 

15. 
17. 
19. 
21. 
23. 
25. 
27. 
29. 
31. 



33. 
35. 

37. 

39. 
41. 

43. 

45. 



(a) n-channel D MOSFET 

(b) n-channel JFET 

(c) p-channel E-MOSFET 

Figure 8 -18(b): approximately 4 mA 

Figure 8-1 8(c): approximately 3.2 mA 

920 mV 

(a) 4.32 (b) 9.92 

=7.5 mA 

2.54 

33.6 mV rms 

9.84 Mil 

V GS = 9 V; / D = 3.13 mA: V K = 13.3 V: V ds = 675 mV 

Rj„=l0Mn-,A, =0.783 

(a) 0.906 (b) 0.299 

250 Q 

(a) Vj,, = V DD ; nG £>, drain signal: no output signal 

(b) V'di = V (floating); no Q, drain signal; no output signal 

( c ) ^gsi = V; l' s = V; V D , less than normal; clipped 
output signal 

(d) Correct signal at Q, drain; no Q s gale signal; no output 
signal 

(e) Vjyi = Vpp; correct signal at Q 2 gate: no Q, drain signal 
or output signal 

The 10 fjF capacitor between Q x drain and Q, gate is open. 

v 'dc = 4 -35 V; V„ = 1 .29 V rms 

(a) -3.0 V (b) 20 V dc 

(C) 200 mW (d) ilOVdc 

900 nS 

1.5 mA 

2.0; 6.82 

See Figure ANS-25. 

+24 V 



2.2 kll 




5kn 



^ 



2N3797 



i FIGURE ANS-25 



47. C,open 

49. fl s shoried 

51. /f| open 

53. R 7 open 
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Chapter 9 

1. (a) / CQ - 68.4 mA; V'ceq = 5,14 V 
(b) A r = 11.7; A p = 263 

3. The changes are shown on Figure ANS 26. The advantage of 
this arrangement is that tlK load resistor is referenced to 
ground. 

+ 15 V 



33. See Fieure ANS-27. 



500mVpp{/-\^ 
1.0 kHz 




100 //F 




FIGURE ANS-27 



35. C,„ open 

37. g, collector-emitter open 

30. Q z drain -source open 



FIGURE ANS-26 



5. For Figure 9-42(a): 39.8 mA, I .99 V; For Figure 9^12(b): 
12.3 in A, 2.88 V 

7. 265 mW 

9. (a) Vb, oi> = +0.7 V: V mQ2 , = -0.7 V; V' E = V; 



V, 



CEWCI 



,= +9V:l' ( 



(TOl (>:'> 



= -9V:/co = 8.3 mA 



(b) P t = 0.5 W 
11. (a) V mQI> = +8.2 V; V^, = 46.8V; 
V E = +7.5 V; /co = 6.8 mA; 
Vceoci. = +7-5 V: 
VcEQ. C2 ) = -7-5 V 

(b) P L = 167 mW 

13. (a) C 2 open or Q 2 open 

(b^ Power supply off. open /?,, Ci base shorted to ground 

(c) 0, has collector-to-emitter short 

(d) One or both diodes shorted 
15. 450 mW 

17. 24 V 

19. Negative half of input cycle 

21. (a) No dc supply voltage or R, open 

(b) D, or £> 2 open 

(C) No fault 

(d) Q, shorted C-to-E 
23. 6 V dc, positive alternation of input signal 
25. C| is connected backwards. 
27. 51 W 
29. Gain decreases. 
31. 7" c is much closer to the actual junction temperature than 7" A . 

In a given operating environment, T h is always less than 7J-. 



Chapter 10 

1. If C| = Cj, the critical frequencies are equal, and they will 
both cause the gain to drop at 40 dB/decade below/.. 

3. BJT: Q,, Q,.. C ce ; FET: C gi , C^ C ds 

5. 812 pF 

7- C Mn , m „, = 6.95 pF; £„„„„,„„> = 5.28 pF 

9. 24mVrms:34dB 

11. (a) 3.01 dBm (b) OdBm (c) 6.02 dBm 

(d) -6.02 dBm 
13. (a) 318 Hz (b) 1.59 kHz 
15. At&.lfaA v = l8.8dB 

Al/:A v = 35.8dB 

At 10/;: A, = 38.8dB 
17. Input RC circuit:/ = 3.34 Hz 

Output RC circuit:/ = 3.01 kHz 

Output/ is dominant. 
19. Input circuit:/ = 4.32 MHz 

Output circuit:/ = 94.9 MHz 

Input/ is dominant. 
21. Input circuit:/ = 12.9 MHz 

Output circuit:/ = 54.5 MHz 

Input/ is dominant. 

23. /., = 136 Hz./„ = 8 kHz 

25. BW = 5.26 MHz,/„ a 5.26 MHz 

27. 230 Hz, I.2MHz 

29. 514 kHz 

3J. =2.5 MHz 

33. Increase the frequency until the output voltage drops to 
3.54 V rms. This is/,,. 
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35. 23.1 Hz 

37. No effect 

39. 112pF 

41. C s ,, - 1 .3 P F; C gs = 3.7 pF; Q, = 3.7 pF 

43. =10.5 MHz 

45. /? c open 

47. /? : open 

Chapter 1 1 

1. / A = 24.1 mA 

3. See "Turning the SCR On" in Section 1 1-2. 

5. Add a transistor to provide inversion of negative half-cycle in 

order to obtain a positive gate trigger. 

7. See Figure ANS-28. 



"a0 




VqO- 



L 



v*o- 



FIGURE ANS-28 



9. See Figure ANS-29. 



3.19 mA- 
1mA 

fnac 
triggers, 
on 

-1 mA- 
-3.19 mA- 



L 



r\ r\ 



11. Anode, cathode, anode gale, cathode gale 

13. 6.48 V 

15. (a) 9.79 V (b) 5.2 V 

17. See Figure ANS-30. 




FIGURE ANS-30 



FIGURE ANS-29 



19. The parasitic transistor turns on and the device acts as a 
thyristor. 

21. (a) 12 V (b) V 

23. When the switch is closed, the battery V ? causes illumination 
of the lamp. The light energy causes the LASCR to conduct 
and thus energize the relay. When the relay is energized, the 
contacts close and 1 1 5 V ac are applied to the motor. 

25. 30 mA 

27. Reflected 

29. OV 

31. As the PUT gale voltage increases, the PUT triggers on later 
to the ac cycle causing the SCR to fire later in the cycle, 
conduct for a shorter time, and decrease power to the motor. 

33. See Figure ANS-31. 

35. Cathode-anode shorted 

37. /{.shorted 

Chapter 1 2 

1. Practical op-amp: High open-loop gain, high input 
impedance, low output impedance, high CMRR. 

Ideal op-amp: Infinite open-loop gain, infinite input 
impedance, zero output impedance, infinite CMRR. 



oOff 



IIOV 




75 fl, 1/4 W 



FIGURE ANS-31 
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3. (a) Single-ended input 

(b) Differential input 

(c) Common-mode input 
5. 120dB 

7. 8. 1 /xA 
9. I.6V//ts 
II. (a) Voltage-follower 

(b) Noninverting 

(c) Inverting 
13. (a) A, nm = 374 

(b) V ml = 3.74 V rms 
(C) V f = 0.99m Vitus 
15. (a) 49 kQ 
(b) 3 MQ 
(C) 84 kQ 

(d) 165kQ 

17. (a) 10 mV, in phase 

(b) - 1 mV, 1 80° out of phase 

(c) 223 mV, in phase 

(d) - 100 mV, 180" out of phase 

19. (a) Z MNI> = 8.41 GQ: Z„ trtN1) = 89.2 mQ 
(b) Zftxw, = 6.20 GO; Z,.„ lN1) = 4.04 mO 
(C) Z,„ (NI) = 5.30 GO;Z„„, OTl = 19.0 mfi 

21. (a) Z,„ m = 10 kQ: Z„„ rtI) = 5.12 mfi 
(b) Z MI = 100 kftZ,,,,,,,,^ 7.41 mQ 



SI. See Figure ANS-32. 



23. 

25. 
27. 
29. 

31. 
33. 

35. 

37. 
39. 



41. 

43. 

45. 

47. 
49. 



-wrtl 

(c)Z w „ = 470 Q;Z„ W ,„ = 6.22 mO 

(a) 2.69 kO (b) 1.45 kQ (c) 53 kO 

/?,.. is placed between V m and the +- input 

175 nV 

A v = 125.892; BW nl = 200 Hz 

(a) 0.997 (b) 0.923 (c) 0.707 

(d) 0.515 (e) 0.119 

(a) -51.5° (b) -7.17° (c) -85.5° 

(a) 90 dB (b) -281° 

(a) 29.8 dB (b) 23.9 dB (C) OdB 

Ail are closed -loop gains. 

71.7 dB 

(a) A cimi = 1; BW = 2.8 MHz 

(b) A, m = -45.5: BW = 61.6 kHz 
(C) A tmn = l3;£W=2l5kHz 
(d) A c , w = -179; BW= 15.7 kHz 

(a) Faulty op-amp or R, open 

(b) R 2 open, forcing open-loop operation 

The gain becomes a fixed - 100, with no effect as the gain 

potentiometer is adjusted. 

Op-amp gain will be ten times too high. 

2,>hni) = 396 GO 

50,000 




-w\ — «VW 



910 O 82 
FIGURF ANS-32 



S3. See Figure ANS-33, 



3.o n 330 n 




»»o-VW 



lOkil 



-15 V 



FIGURE ANS-33 



55. See Figure ANS-34. 









00 kit 






AAA 






YYY 

+15 V 




2.0 kil 






V n \AA i 


(2) 


\U7) 




v u o wy < 


(3) 


741 ^ 




' ° 'ivi 






M 




^2.0 kil <4) 








■i" 


J 10 kO 




-15V 




FIGURE ANS-34 




57. fyopen 




59. ^ leaky 




61. R, shorted 




63. fyleakj 




65. /?, shorted 




67. R f open 




69. /?, open 




71. R,open 
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Chapter 13 

1. 24 V, with distortion 

3- 1W = +2.77 V, V m = -2.77 V 

S. See Figure ANS-35. 




7. +8.57 V and -0.968 V 

9. (a) -2.5 V (b) -3.52 V 

11. 110 kfi 

13. Vout = -3.57 V. I f = 357 /xA 

IS. -4.06mV//xs 

17. 1 mA 

19. See Figure ANS-36. 




-0.5 V 



FIGURE ANS-36 



21. Output not correct; R, is open. 

23. 50 kfi resistor open 

25. The outpul of 1C2 will saturate positively. 

27. +8V 

29. /•„ - 100 kHz. See Figure ANS 37. 

31. Op-amp inputs shorted together 

33. Z5, shorted 

35. Middle 10 kQ resistor shorted 

37. R, open 

39. Copen 



15 Ml 150.Q 

».»o— wv— VW 




... FIGURE ANS-37 



Chapter 1 4 


1. A lK „=A„ 2) = 101 


3. 1.005 V 


5. 51.5 


7. Change R G to 2.2 kQ. 


9. 300 


1 1. Change the 1 8 kQ resistor to 23.2 kQ. 


13. Connect pin 6 directly to pin 10, and connect pin 14 directly 


to pin 1 5 to make R } = 0. 


IS. 500/nA,5V 


17. A,, s 11.6 


19. See Figure ANS-38. 


21. See Figure ANS-39. 


23. (a) -0.301 (b) 0.301 (c) 1.70 (d) 2.11 


25. The output of a log amplifier is limited to 0. 7 V because of 


the transistor's /injunction. 


27. -!57mV 


29. V,„, limxl = - 147 mV. V, mM „ t = -89.2 mV; the 1 V input 


peak is reduced 85% whereas the 100 mV input peak is 


reduced only 10%. 


31. See Figure ANS-^M}. 


33. TP1 


= 0V 


TP2 


= 0V 


TP3 


21.2 mV<§> IkHz 


TP4 


+ I5V 


TP5 


ov 


35. /fopen 


37. Zener diode open 


Chapter 1 5 


1. (a) Band-pass (b) High-pass (c) Low-pass 


(d) Band-.stop 


3. 48.2 kHz. No 


5. 700 


Hz. 5.04 
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10 V 

4.4 V 

v„, o 

-4.4 V 
-10 V 



+4.4 V 
v «w 




-4.4 V -- 




FIGURE AN5-39 



^o-^^-Lp 




FIGURE ANS-40 



7. (a) 1. not Butterworth 

(b) 1.44. approximate Buiterworlh 

(c) I st stage: 1 .67; 2nd stage: 1.67: Not Butterworth 
9. (a) Chebyshev (b) Butterworth 

(c) Bessel (d) Butterworth 



11. 190 Hz 

13. Add another identical stage and change the ratio of Lhe 
feedback resistors to 0.068 for first stage, 0.586 for second 
stage, and 1 .482 for third stage. 

I S. Exchange positions of resistors and capacitors. 

1 7. (a) Decrease /? t and R 2 or C, and C 2 . 

(b) Increase F- s or decrease R t . 

1 9. (a) J„ = 4.95 kHz, BW = 3.84 kHz 

(b) / = 449 Hz, BW = 96.4 Hz 

(c) f = 15.9 kHz, BW = 838 Hz 

21. Sum the low -pass and high-pass outputs with a two-input 
adder. 

23. /? 4 shorted 

25. C, shorted 

27. /?, open 

29. tf,open 

31. /? 7 open 

Chapter 16 

1. An oscillator requires no input (other than dc power). 



3. 


^ = 0.0133 


5. 


733 mV 


7. 


50 kQ 


9. 


2.34 kfi 


11. 


J36k£2,628Hz 


13. 


10 


15. 


Changed, to 3.54 k£J 


17. 


/f 4 = 65.8 kfi, R s = 47 k£J 


19. 


3.33 V, 6.67 V 


21. 


0.0076 /xF 


23. 


Drain-to-source shorted 


25. 


Collector-to-emitter shorted 


27. 


R 2 open 
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Chapter 1 7 

1. See Figure ANS-4J. 

3. 1135 kHz 

5. / Rf = 91 .2 MHz;/ IF = 10.7 MHz 

7. 739 uA 

9. 8.12V 

11. (a) +0.28 V (b) + 1.024 V 

(c) +2.07 V (d) +2.49 V 

13. / dr2 ,= 8kHz;/,„„=10kHz 

15. f m = 1.7MHz;/ 1M ,= 1.9 MHz;/, = 1.8 MHz 

17. f, = 850 kHz;/,, = 3 kHz 

19. V m = 15 mV cos[2tt ( 1 100 kHz)f) - 
15 mV cos[2tt (5500 kHz)f] 

21. See Figure ANS^12. 

23. See Figure ANS-43. 

25. 450 kHz-^160 kHz: IF amplifier; 10 Hz-5 kHz: Audio/Power 
amplifiers 

27. The modulating input signal is applied to the control voltage 
terminal of the VCO. As the input signal amplitude varies, 
the output frequency of the VCO varies proportionately. 

29. Varactor 



20 kHz 



FIGURE ANS-43 



31. (a) 10 MHz (b) 48.3 mV 

33. 1005 Hz 

35. /; = 233 kHz; A,* = ± 104 kHz;/^ = ±4.56 kHz 



Chapter 18 



1. 0.0333% 

3. 1.01% 

5. A: Reference voltage, B: Control element, C: Error detector, 
D: Sampling circuit 

7. 8.51V 

9. 9.57 V 

11. 500 mA 
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13. 10 mA 

IS. / Uraai , = 250 mA,P„= 6.25 W 

17. 40% 

19. V ()l rr decreases 

21. 14.3 V 

23. 1.3 mA 

25. 2.8 il 

27. tf limi , = 035£2 

29. See Figure ANS-44. 

31. R 7 leaky 

33. & collector-to-emitter open 

Chapter 19 

1. 4.55 kfl 

3. /- 20.7 kHz. See Figure ANS-15. 

5. 606 n 

7. See Figure ANS-^16. 

9. See Figure ANS-47. 

11. See Figure ANS-48. 

13. See Figure ANS-4-9. 
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ac ground A point in a circuit that appears as ground to ac signals 
only. 

active filter A frequency-selective circuit consisting of active 

devices such as transistors or op-amps coupled with reactive 

components. 

A/D conversion A process whereby information in analog form is 

converted into digital form. 

alpha («) The ratio of dc collector current to dc emitter current in 
a bipolar junction transistor. 

amplification The process of increasing the power, voltage, or 
current by electronic means. 

amplifier An electronic circuit having the capability to amplify 
power, voltage, or current. 

amplitude modulation (AM) A communication method in which 
a lower-frequency signal modulates (varies) the amplitude of a 
higher-frequency signal (carrier). 

analog Characterized by a linear process in which a variable takes 
on a continuous set of values. 

angle of incidence The angle at which a light ray strikes a 
surface. 

anode The p region of a diode. 

antilogarithm The result obtained when the base of a number is 
raised to a power equal to the logarithm of that number. 

astahlo Characterized by having no stable states. 

atom The smallest particle of an element that possesses the 

unique characteristics of that element. 

atomic number The number of protons in an atom. 
attenuation The reduction in the level of power, current, or voltage. 
audio Related to the frequency range of sound waves thai can be 
heard by the human ear and generally considered to be in the 
20 Hz to 20 kHz range. 

avalanche The rapid buildup of conduction electrons due to 
excessive reverse-bias voltage, 

avalanche breakdown The higher voltage breakdown in a zener 

diode 

balanced modulation A form of amplitude modulation in which 
the carrier is suppressed; sometimes known as suppre.ssed-canier 
modulation. 

band-pass filter A type of filter thai passes a range of frequencies 
lying between a certain lower frequency and a certain higher 
frequency. 

band-stop filter A type of fdter that blocks or rejects a range of 
frequencies lying between a certain lower frequency and a certain 
higher frequency. 

bandwidth The characteristic of certain types of electronic 
circuits that specifies the usable range of frequencies that pass 
from input to output. 

barrier potential The amount of energy required to produce full 
conduction across the pn junction in forward bias. 



base One of the semiconductor regions in a BJT. The base is very 
thin and lightly doped compared to the other regions. 

Bessel A type of filter response having a linear phase 
characteristic and less than -20 dB/decade/pole rolloff. 

beta (fi) The ratio of dc collector current to dc base current in :i 
BJT: current gain from base to collector. 

bias The application of a dc voltage to a diode, transistor, or other 
device to produce a desired mode of operation. 

bipolar Characterized by both free electrons and holes as current 
carriers. 

BJT Bipolar junction transistor; a transistor constructed with three 
doped semiconductor regions separated by two pn junctions. 

Bode plot An idealized graph of the gain in dB versus frequency 
used to graphically illustrate the response of an amplifier or filter. 

bounding The process of limiting the output range of an amplifier 
or other circuit. 

breakdown The phenomenon of a sudden and drastic increase 
when a certain voltage is reached across a device. 

bridge rectifier A type of full-wave rectifier consisting of diodes 

arranged in a four-cornered configuration. 

Butter-worth A type of filter response characterized by flatness in 

the passband and a -20 dB/decade/pole roll-off. 

bypass capacitor A capacitor placed across the emitter resistor of 

an amplifier. 

byte A group of eight bits in binary data. 

CAB Configurable analog block; one of the programmable 
resources in an FPAA generally consisting of one or more op- 
amps, a switch matrix, and a capacitor bank. 

CAM Configurable analog module; a predesigned analog circuit 
for which some of its parameters can be selectively programmed. 

capture range The range of frequencies over which a PLL can 
acquire lock. 

carbon A semiconduclive material. 

carrier The high radio frequency (RF) signal that carries 
modulated information in AM, FM, or other systems. 

cascade An arrangement of circuits in which the output of one 
circuit becomes the input to the next. 

cathode The n region of a diode. 

C code A code used for dynamically configuring an FPAA. 

center-tapped rectifier A type of full-wave rectifier consisting of 
a center-tapped transformer and two diodes. 

channel The conductive path between the drain and source in a FET. 
Chebyshev A type of filter response characterized by ripples in 
the passband and a greater than - 20 dB/decade/pole roll-off. 

clamper A circuit that adds a dc level to an ac voltage using a 
diode and a capacitor. 

class A A type of amplifier that operates entirely in its linear 
(active) region. 
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class AB A type of amplifier thai is biased into slight conduction. 

class B A type of amplifier that operates in the linear region tor 
180' of the input cycle because it is biased at cutoff. 

class C A type of amplifier that operates only for a small portion 
of the input cycle. 

clipper See Limiter. 

closed-loop An op-amp configuration in which the output is 
connected back to the input through a feedback circuit. 
closed-loop voltage gain (A rf ) The voltage gain of an op-amp 
with external feedback. 

CM RR Common-mode rejection ratio; the ratio of open-loop gain 
to common-mode gain: a measure of an op-amp's ability to reject 
common-mode signals. 

coherent light Light having only one wavelength. 
collector The largest of the three semiconductor regions of a BJT. 
common-base (CB) A BJT amplifier configuration in which the 
base is the common terminal to an ac signal or ground. 

common-collector (CC) A BJT amplifier configuration in which 
the collector is the common terminal to an ac signal or ground. 

common-drain (CD) A FET amplifier configuration in which the 
drain is the grounded terminal. 

common-emitter (CE) A BJT amplifier configuration in which 
the emitter is the common terminal to an ac signal or ground. 
common-gate (CG) A FET amplifier configuration in which the 
gale is the grounded terminal. 

common mode A condition where two signals applied to 
differential inputs are of the same phase, frequency, and amplitude. 

common-source (CS) A FET amplifier configuration in which the 
source is the grounded temiinal. 

comparator A circuit which compares two input voltages and 
produces an output in either of two states indicating the greater or 
less than relationship of the inputs. 

complementary symmetry transistors Two transistors, one npn. 
and one pnp. having matched characteristics. 

conduction electron A free electron. 

conductor A material that conducts electrical current very well. 

configuration RAM A random-access memory used in FPAAs 
for storing configuration data from the shadow RAM immediately 
prior to reconfiguring the FPAA. 

core The central part of an atom, includes the nucleus and all but 
the valence electrons. 

covalent Related to the bonding of two or more atoms by the 
interaction of their valence electrons. 

critical angle The angle that defines whether a light ray will be 
reflected or refracted when it strikes a surface. 
critical frequencj The frequency at which the response of an 
ainpli lier or filter is 3 dB less than at midrange. 
crossover distortion Distortion in the output of a class B push- 
pull amplifier at the point where each transistor changes from the 
cutoff state to the on state. 

crystal A solid material in which the atoms are arranged in a 
symmetrical pattern. 

current The rate of flow of electrical charge. 



current mirror A circuit that uses matching diode junctions to 
form a current source. The current in a diode junction is reflected 
as a matching current in the other junction (which is typically the 
base-emitter junction of a transistor). Current mirrors are 
commonly used to bias a push-pull amplifier. 

cutoff The nonconducting state of a transistor. 

cutoff frequency Another term for critical frequency. 

cutoff voilage The value of the gate-to-source voltage that makes 
the drain current approximately zero. 

D/A conversion The process of converting a sequence of digital 
codes to an analog form. 

damping factor A filter characteristic that determines the type of 

response. 

dark current The amount of thermally generated reverse current 

in a photodiode in the absence of light 

darlington pair A configuration of two transistors in which the 
collectors are connected and the emitter of the first drives the base 
of the second to achieve beta multiplication. 

dBm A unit for measuring power levels referenced to 1 mW. 
dc load line A straight line plot of l c and V rE for a transistor circuit. 
decade A ten-times increase or decrease in the value of a quantity 
such as frequency. 

decibel (dB) A logarithmic measure of the ratio of one power to 
another or one voltage to another. 

demodulation The process in which the information signal is 
recovered from the TF carrier signal: the reverse of modulation. 

depletion In a MOSFET, the process of removing or depleting the 
channel of charge carriers and thus decreasing (he channel 
conductivity. 

depletion region The area near a pn junction on both sides that 

has no majority carriers. 

derivative The instantaneous rate of change of a function. 

determined mathematically. 

development software A software that is used for entering a 

circuit design on the computer, simulating the design, and 

downloading the design to the FPAA device. 

diac A two-terminal four-layer semiconductor device (thyristor) 
that can conduct current in either direction when properly 
activated. 

differentia] mode A mode of op-amp operation in which two 
opposite polarity signal voltages are applied to two inputs. 
differential amplifier (diff-amp) An amplifier in which the 
output is a function of the difference between two input voltages, 
used as the input stage of an op-amp. 

differentiator A circuit that produces an output which 
approximates the instantaneous rate of change of the input function. 
digital Characterized by a process in which a variable takes on 
either of two values. 

diode A semiconductor device with a single pn junction that 
conducts current in only one direction. 

diode drop The voltage across the diode when it is forwaid- 
biased: approximately the same as the barrier potential and 
typically 0.7 V for silicon. 
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discriminator A type of FM demodulator- 
doping The process of imparting impurities to an intrinsic 
semiconductive material in order to control its conduction 
characteristics. 

downloading The process of implementing the software 
description of a circuit in an FPAA. 

drain One of the three terminals of a FET analogous to the 
col lector of a BJT. 

dynamic reconfiguration The process of downloading a design 
modification or new design in an FPAA while it is operating in a 
system without the need to power down or reset the system; also 
known as "on-the-fly" reprogramming. 

dynamic resistance The nonlinear internal resistance of a 
semiconductive material. 

efficiency The ratio of the signal power delivered to a load to the 
power from the power supply of an amplifier. 

electroluminescence The process of releasing light energy by the 
recombination of electrons in a semiconductor. 

electrostatic discharge (ESD) The discharge of a high voltage 
through an insulating path thai can destroy an electronic device. 

electron The basic particle of negative electrical charge. 

electron-hole pair The conduction electron and the hole created 
when the electron leaves the valence band. 

emitter The most heavily doped of the three semiconductor 
regions of a BJT 

emitter-follower A popular term for a common-collector amplifier. 

enhancement In a MOSFET. ihe process of creating a channel or 
increasing the conductivity of the channel by the addition of 
charge carriers. 

feedback The process of reluming a portion of a circuit's output back 
to the input in such a way as to oppose or aid a change in the output 

feedback oscillator An electronic circuit that operates with 
positive feedback and produces a time-varying output signal 
without an external input signal. 

FET Field-effect transistor; a type of unipolar, voltage-controlled 
transistor that uses an induced electric field to control current. 

fiber optics The use of light for the transmission of information 
through tiny fiber cables. 

filter A capacitor in a power supply used to reduce the variation 
of the output voltage from a rectifier: a type of circuit that passes 
or blocks certain frequencies to the exclusion of all others. 

floating point A point in ihe circuit that is not electrically 
connected to ground or a "solid" voltage. 

fold-back current limiting A method of current limiting in 
voltage regulators. 

forced commutation A method of turning off an SCR. 
forward bias The condition in which a diode conducts current. 
forward-breakover voltage (V BKlhl ) The voltage at which a 
device enters the forward-blocking region. 

4-laycr diode The type of two-terminal Ihyristor that conducts 
current when Ihe anode-lo-cathode voltage reaches a specified 
"breakover" value. 



four-quadrant multiplier A linear device thai produces an output 
voltage proportional to the product of two input voltages. 
FPAA Field-programmable analog array; an integrated circuit that 
can be programmed for implementation of an analog circuit design. 
free electron An electron thai has acquired enough energy to 
break away from the valance band of the parent atom: also called 
a conduction electron. 

frequency modulation (FM) A communication method in which 
a lower frequency intelligence-carrying signal modulates (varies) 
the frequency of a higher frequency signal. 

frequency response The change in gain or phase shift over a 
specified range of input signal frequencies. 

full-wave rectifier A circuit that converts an ac sinusoidal input 
voltage into a pulsating dc voltage with two output pulses 
occurring for each input cycle. 

fuse A protective device thai burns open when the current exceeds 
a rated limit. 

gain The amount by which an electrical signal is increased or 
amplified. 

gain-bandwidth product A constant parameter which is always 
equal to the frequency at which the op-amp's open-loop gain is 
unity (1). 

gate One of the three terminals of a FET analogous to the base of 

a BJT. 

germanium A semiconductive material. 

half-wave rectifier A circuil that converts an ac sinusoidal input 
voltage into a pulsating dc voltage with one output pulse 
occurring for each input cycle. 

high-pass filter A type of filter that passes frequencies above a 
certain frequency while rejecting lower frequencies. 

holding current (i n ) The value of the anode current below which 
a device switches from Ihe forward-conduction region to the 
forward-blocking region. 
hole The absence of an election in ihe valence band of an atom. 

host processor A microprocessor embedded in the system in which 
the FPAA is operating for controlling dynamic configuration. 

hysteresis Characteristic of a circuit in which two different trigger 
levels create an offset or lag in the switching action. 

IGBT Insulated-gale bipolar transistor; a device that combines 
features of the MOSFET and the BJT and used mainly for high- 
voltage switching applications. 

index of refraction An optical characteristic of a material that 
determines the critical angle. 

infrared (IR) Eight that has a range of wavelengths greater than 

visible light. 

input resistance The resistance looking in al the transistor base. 

instrumentation amplifier An amplifier used for amplifying 
small signals riding on large common-mode voltages. 

insulator A material that does not conduct current 

integrated circuit (IC) A type of circuit in which all the 
components are constructed on a single tiny chip of silicon. 
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integrator A circuit that produces an output which approximates 
the area under the curve of the input function. 

intrinsic The pure or natural state of a material. 

inverting amplifier An op-amp closed-loop configuration in 
which the input signal is applied to the inverting input. 

ionization The removal or addition of an electron from or to a 
neutral atom so that the resulting atom (called an ion) has a net 
positive or negative charge. 

irradiance (//) The power per unit area at a specified distance for 
the LED: the light intensity. 

isolation amplifier An amplifier with electrically isolated internal 
stages. 

JFET Junction field-effect transistor; one of two major types of 
field-effect transistors. 

large-signal A signal that operates an amplifier over a significant 
portion of its load line. 

LASCR Light-activated silicon-controlled rectifier; a four-layer 
semiconductor device (thyristor) that conducts current in one 
direction when activated by a sufficient amount of light and 
continues to conduct until the current falls below a specified 
value. 

laser Light amplification by stimulated emission of radiation. 
light-emitting diode (LED) A type of diode that emits light when 
there is forward current. 

limiter A diode ciicuit that clips off or removes part of a 
waveform above and/or below a specified level. 

linear Characterized by a straight-line relationship. 

linear region The region of operation along the load line between 
saturation and cutoff. 

linear regulator A voltage regulator in which the control element 
opetates in the linear region. 

line regulation The change in output voltage for a given change 
in input (line) voltage, normally expressed as a percentage. 
load The amount of current drawn from the output of a circuit 
through a load resistance. 

load regulation The change in output voltage for a given change 
in load current, normally expressed as a percentage. 

lock range The range of frequencies over which a PLL can 
maintain lock. 

logarithm An exponent; the logarithm of a quantity is the 
exponent or power to which a given number called the base must 
be raised in order to equal the quantity. 

look-up table (LUT) A type of memory that stores 
preprogrammed data for use in the configuration of an FPAA. 

loop gain An op-amp "s open-loop gain times the attenuation. 

lower-side frequency In balanced modulation, (he difference of 
the carrier frequency and the modulation frequency. 
low-pass filter A type of filter that passes frequencies below a 
certain frequency while rejecting higher frequencies. 

majority carrier The most numerous charge carrier in a doped 
semiconductive material (either free electrons or holes). 



midrange gain The gain that occurs for the range of frequencies 
between the lower and upper critical frequencies. 

minority carrier The least numerous charge carrier in a doped 
semiconductive material (either free electrons or holes). 

mixcr A device for down-converting frequencies in a receiver 
system. 

modem A device that converts signals produced by one type of 
device to a form compatible with another; /nodulator/ffemodulator. 
modulation The process in which a signal containing information 
is used to modify a characteristic of another signal such as 
amplitude, frequency, or pulse width so that the information on 
the first is also contained on the second. 

monochromatic Related to light of a single frequency; one color. 
MOSFET Metal oxide semiconductor field-effect transistor, one 
of two major types of FETs; sometimes called IGF hi' for 
insulated-gate FET. 

multistage Characterized by having more than one stage: a 
cascaded arrangement of two or mote amplifiers. 

natural logarithm The exponent to which the base e (e = 
2.71828) must be raised in order to equal a given quantity. 

negative feedback The process of reluming a portion of the 
output signal to the input of an amplifier such that it is out of 
phase with the input signal. 

neutron An uncharged particle found in the nucleus of an atom. 
noise An unwanted signal. 

noninverting amplifier An op-amp closed-loop configuration in 
which the input signal is applied to the noninverting input. 

nucleus The central part of an atom containing protons and neutrons. 

octave A two-times increase or decrease in the value of a quantity 
such as frequency. 

open-loop voltage gain (A„,) The voltage gain of an op-amp 
without external feedback. 

operational amplifier (op-amp) A type of amplifier that has a 
very high voltage gain, very high input impedance, very low 

output impedance, and good rejection of common-mode signals. 

operational transconductance amplifier (OTA) A voltage-to- 
current amplifier. 

orbit The path an electron takes as it circles around the nucleus of 
an atom. 

order The number of poles in a filter. 

oscillator A circuit that produces a periodic waveform on its 

output with only the dc supply voltage as its input. 

output resistance The resistance looking in at the transistor 

collector. 

overall voltage gain The product of the attenuation and the gain 

from base to collector of an amplifier. 

passhand The range of frequencies that are allowed to pass 
through a filter with minimum attenuation. 

peak inverse voltage (PIV) The maximum value of reverse 
voltage which occurs at the peak of the input cycle when the diode 
is reversed-biased. 
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pentavalent Describes an aiom with five valence electrons. 
ph»«-lorkp<l limp (PI .1 .) A rlevirp for locking onto and tracking 
ihe frequency of an incoming signal. 

phase margin The difference between the total phase shift 
through an amplifier and 1 80 degrees; the additional amount of 
phase shift that can be allowed before instability occurs. 

phase shift The relative angular displacement of a time- varying 
function relative to a reference. 

phase-shift oscillator A type of feedback oscillator that is 

characterized by three RC circuits in the positive feedback loop 

that produces a phase shift of I S0°. 

photodiode A diode in which the reverse current varies directly 

with the amount of light. 

photon A panicle of light energy. 

phototransistor A transistor in which base current is produced 
when light strikes the photosensitive semiconductor base region. 

piezoelectric effect The property of a crystal whereby a changing 
mechanical stress produces a voltage across the crystal. 

pinch-off \ ullage The value of Ihe drain-to-source voltage of a 
FET at which Ihe drain current becomes constant when the gate- 
to-source voltage is zero. 

pn junction The boundary between two different types of 
semiconductive materials. 

pole A circuit containing one resistor and one capacitor that 
contributes —20 dB/decade to a filler's roll-off. 

positive feedback The return of a portion of the output signal to 
the input such that it reinforces and sustains the output. This 
output signal is in phuse with the input signal. 
power gain The ratio of output power to input power of an amplifier. 

power supply A circuit that converts ac line voltage to dc voltage 
and supplies constant power to operate a circuit or system. 

proton The basic panicle of positive charge. 
push-pull A type of class B amplifier with two uansistors in 
which one transistor conducts for one half-cycle and the other 
conducts for the other half-cycle. 

PUT Programmable unijunction transistor; a type of three- 
terminal thyristor (more like an SCR than a UJT) that is 
triggered into conduction when the voltage at the anode exceeds 
the voltage at the gate. 

Q-point The dc operating (bias) point of an amplifier specified by 
voltage and current values. 

quality factor (Q) For a reactive component, a figure of merit 
which is the ratio of energy stored and returned by the component 
to the energy dissipated; for a band-pass filter, the ratio of the 
center frequency to its bandwidth. 

radiant intensity (/ r ) The output power of an LED per steiadian 
in units of mW/sr. 

radiation The process of emitting electromagnetic or light energy. 

recombination The process of a free (conduction band) electron 
falling into a hole in the valence band of an atom. 

rectifier An electronic circuit that converts ac into pulsating dc; 
one pan of a power supply. 



regulator An electronic device or circuit that maintains an 
essentially constant output voltage for a range of input voltage or 
load values; one part of a power supply. 

relaxation oscillator An electronic circuit that uses an RC timing 
circuit to generate a nonsinusoidal waveform without an externa] 
input signal. 
reverse bias The condition in which a diode prevents current. 

ripple factor A measure of effectiveness of a power supply filter 
in reducing the ripple voltage; ratio of the ripple voltage to the dc 
output voltage. 

ripple voltage The small variation in the dc output voltage of a 
filtered rectifier caused by the charging and discharging of the 
filter capacitor. 

r parameter One of a set of BJT characteristic parameters that 
include a^c, fi^, /*,!, r',„ and r' c . 

roll-off The rate of decrease in the gain above or below the critical 
frequencies of a filter. 

saturation The state of a BJT in which the collector current 
has reached a maximum and is independent of the base 
current- 
Schematic A symbolized diagram representing an electrical or 
electronic circuit. 

Schmitt trigger A comparator with hysteresis. 
SCR Silicon-controlled rectifier; a type of three-terminal thyristor 
that conducts current when triggered on by a voltage ai the single 
gale terminal and remains on until the anode current falls below a 
specified value. 

SCS Silicon-controlled switch; a type of four-terminal thyristor that 
has two gate terminals that are used to trigger the device on and off. 

semiconductor A material that lies between conductors and 
insulators in its conductive properties. 
shadow RAM A random-access memory used in FPAAs for 
temporarily holding data while the device is operating and before 
it is loaded into the configuration RAM for reprogramming. 

shell An energy band in which electrons orbit the nucleus of an 
atom. 

signal compression The process of scaling down the amplitude of 
a signal voltage. 

silicon A semiconductive material. 

single-ended mode A mode of op-amp operation in which a 

signal voltage is applied to only one input 

slew rale The rate of change of the output voltage of an op-amp in 
response to a step input. 

source One of the Ihree terminals of a FET analogous to the 
emitter of a BJT. 

source-follower The common-drain amplifier. 

spectral Pertaining to a range of frequencies. 

stability A measure of how well an amplifier maintains its design 
values (Q-point, gain, etc.) over changes in beta and temperature. 

stage One of the amplifier circuits in a multistage configuration. 

standoff ratio The characteristic of a UJT that determines its 
turn-on point. 
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summing amplifier An op-amp configuration with ivvo or more 
inputs that produces an output voltage that is proportional to the 
negative of the algebraic sum of its input voltages. 

suppressed-carrier modulation A form of amplitude modulation 
in which the carrier is suppressed; also called balanced 
modulation. 

svvitched-capachor circuit A combination of a capacitor and 
transistor switches used In programmable analog devices to 
emulate resistors. 

switching current (1$) The value of anode current at the point 
where the device switches from the forward-blocking region to the 
forward-conduction region. 

switching regulator A voltage regulator in which the control 
element operates as a switch. 

thermal overload A condition in a rectifier where the internal 
power dissipation of the circuit exceeds a certain maximum due to 
excessive cuiTent. 

thermistor A temperature-sensitive resistor with a negative 
temperature coefficient. 

thyristor A class of four-layer (pnpn) semiconductor devices. 

transconductance (g,„) The ralio of a change in drain current to a 
change in gate-to-source voltage in a FET; in general, the ratio of 
the output current to the input voltage. 

transistor A semiconductive device used for amplification and 
switching applications. 

triac A three-tennmal thynstor that can conduct current in either 
direction when properly activated. 

trigger The activating input of some electronic devices and 

circuits. 

trivalent Describes an atom with three valence electrons. 



troubleshooting A systematic process of isolating, identifying, 
and correcting a fault in a circuit or system. 

tuning ratio The ratio of varactor capacitances at minimum and at 
maximum reverse voltages. 

LJT Unijunction transistor: a three-terminal single pn junction 
device that exhibits a negative resistance characteristic. 

upper-side frequency In balanced modulation, the sum of the 
carrier frequency and the modulated frequency. 

valence Related to the outer shell of an atom. 
varactor A variable capacitance diode. 

V-l characteristic A curve showing the relationship of diode 
voltage and current. 

voltage-controlled oscillator (VCO) A type of relaxation 
oscillator whose frequency can be varied by a dc control voltage; 
an oscillator for which the output frequency is dependent on a 
controlling input voltage. 

voltage-follower A closed loop, noninverting op-amp with a 
voltage gain of 1 . 

voltage multiplier A circuit using diodes and capacitors that 
increases the input voltage by two, three, or four times. 

wavelength The distance in space occupied by one cycle of an 
electromagnetic or light wave. 

VVien bridge oscillator A type of feedback oscillator that is 
characterized by an RC lead-lag circuit in the positive feedback loop. 

zener breakdown The lower voltage breakdown in a zener diode. 

zener diode A diode designed for limiting the voltage across its 

terminals in reverse bias. 



Index 



Abrupt junction device, 127 

Absorption. 566 

Acceptor atom. 16 

AC collector resistance. 262. 265. 271, 275 

AC emitter resistance, 262. 265. 266. 271, 
273, 276 

AC ground 269, 273, 315 

AC quantities, 262 

AC resistance. 262 

Active filter, 734-764 

Ac live region. 176 

A/D conversion, 654 

Admittance, 340 

Alpha. 170 

Aluminum. 8 

AMI (alternative mark inversion). 927 

Amplification, 181, 182,205,388 391 

Amplifier, 167. 180-184,260-315 
an tilogarithmic. 716-717 
audio, 819, 822, 840 
averaging, 659 

capacitor-coupled. 263. 293. 701 
class A, 428-434. 455. 463. 586 
class AB. 436. 444. 455, 463 
class B, 435, 436, 463. 586 
class C, 447 453, 463 
common-base. 288-290, 315 
common-collector. 281 288.312 
common-drain, 402-404. 414, 415 
common emitter. 268-281 , 3 1 1 , 3 12. 

315,448 
common-gate. 404-406. 414. 415 
common-source. 391-401. 414. 415 
complementary symmetry 

transistor, 436 
differential, 294-301 ,315, 586 
direct-coupled. 294 
D-MOSFET, 397 
emitter-follower. 28 1 , 3 1 2 
FET. 386-415, 492. 504 
instrumentation, 696-701. 725 
intermediate-frequency (IF). 819. 822. 

836. 838. 843 
inverting. 599-600. 620, 625. 627, 707 
isolation, 701-705, 725 
large-signal. 428 
linear. 263 

logarithmic. 713-716 
multistage, 291-294. 512-514 
noninverting. 596-598, 619. 625, 627 
operational. 582-627. 644-683 
operational Iransconductance (OTA). 

705-712,725 
power. 426^63, 819. 822. 840 
push-pull, 434, 436, 440. 444, 463 . 586 



radio-frequency (RF). 357, 447, 819, 
821.835 

scaling, 660 

source-follower, 402. 414 

summing, 657-665, 674, 682, 683, 
754. 755 

transformer-coupled. 436, 703, 
839, 840 

transistor. 180-184 

voltage-follower. 598. 603. 607. 620, 
625. 627 
Amplitude demodulation, 837-838 
Amplitude modulation (AM), 710, 818, 

828-834, 857 
AM receiver. 820 

AnadigmDesigner2 software. 920-926 
Analog array, 908 930 
Analog-to-digital converter (ADC). 654 
Angle of incidence. 566. 572 
Angle of reflection. 566 
Anode, 28. 33, 38. 135.536 
Anode current interruption, 538 
Antenna. 819 
Antilogarithm. 716 
Antimony, 15 
Armstrong oscillator, 790 
Arsenic, 15 

Astable multivibrator. 798. 807 
Atom, 4, 5, 8. 9, 10, 11.38 
Atomic bond, 10, 1 1 
Atomic core, 7 
Atomic nucleus. 4 
Atomic number, 5 

Attenuation. 273. 315. 480. 61 1. 736. 782 
Audio. 661. 822, 834 
Audio amplifier. 822. 840 
Automatic gain control (AGC). 780, 819 
Avalanche, 23 
Avalanche breakdown, 1 1 1 
Average forward current, 539 
Average value. 52. 56 

Backup battery, 543 
Balanced modulation, 830, 857 
Bandwidth. 5 10. 5 13, 520, 585, 6 16, 

739. 753 
Barrier potential. 19. 22. 29. 30. 38. 52. 57 
Base, 166,205,233 
Base-col lector junction. 168. 173, 175 
Base current, 169 

Base-em iltei junction. 168. [73, 175 
Bessel filter, 742 

Beta (p), 170, 177, 205, 238, 266, 285 
Bias. 20. 38, 131. 205, 216 249 
base, 233, 248 



clamper. 453 

collector-feedback, 237, 248 

D-MOSFET, 36 1, 373, 397 

drain-feedback, 362 

emitter. 248 

E-MOSFET. 362, 373, 399 

forward, 20-22, 25, 29, 38, 50. 77, 130, 
167, 175 

JFET. 342 

LED. 130-135, 153, 186 

midpoint, 345 

reverse, 22 24, 26, 29, 38, 1 1 1 , 125. 
135, 167, 330 

self, 342 348,364.391,404 

voltage-divider, 73. 224. 263. 310. 
348-352. 362 

zero, 25, 397 
Bias current, 706 
Bias current compensation. 607 
Biased limiter. 7 1 
Bias stability, 229. 233. 236, 238 
Bias voltage. 20. 21 , 22. 73, 330 
BIFET. 607 

Binary-weighted resistor DAC. 661 
Bipolar. 166 
Bipolar junction transistor (BJT). 

1 64-205, 262-3 1 5, 483, 499. 550. 
557.558.715 
Bismuth, 15 

Bistable multivibrator, 797 
Blanking level, 75 
Block diagram, op-amp. 585 
Bode plot, 495-498. 508. 509. 520. 610 
Bohr model of the atom. 4 
Boltzmann's constant. 713 
Bonding diagram, 1 1 
Boron. 16 

Bounded comparator, 651 . 652 
Bounding, 651,683 
Breakdown, 333 

avalanche. 1 1 1 

reverse. 26. 1 1 1. 174. 539 

zener. 111, 153 
Break point, 496 
Bridge rectifier, 60-62, 93 
Buffer. 286 
Butterworth filter. 741 
Bypass capacitor, 268, 273, 274, 315, 

477, 489 
Byte, 918 

Capacitance 

input, 341. 478, 500. 505 
Miller, 478, 479, 500. 505 
output, 479, 500, 503, 505, 507 
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Capacitance, (com.) 

reverse transfer. 505 

stray, 500 

transistor, 477 

varactor. 125-129, 153, 845 
Capacitance ratio. 126 
Capacitance tolerance range. 126 
Capacitive coupling. 268. 275. 292. 293. 476 
Capacitor. 125 

bypass. 268. 273, 274. 315. 477. 489 

coupling, 268, 275, 292. 293. 476 

variable, 126 
Capacitor bank. 918 
Capacitor charge. 64. 666. 796, 800. 

882,912 
Capacitor-coupled amplifier, 268-281, 

293, 701 
Capacitor-input filter, 63-68 
Capture range. 848. 857 
Carbon, 7, 8 
Carrier, charge 

majority. 16, 17, 19 

minority, 16, 17, 19 
Carrier frequency. 818. 828. 832, 834. 839 
Cascade, 291, 743. 750 
Cathode, 28. 33, 38, 1 10, 536 
C code, 926 
CD player, 144 
Center-tap, 57 
Center-tapped rectifier, 57 
Channel (FET). 330, 352. 353. 355 
Charge. 4. 17. 19.21 
Charge carrier, 16, 17, 19 
Chebyshev filter, 741 
Cladding, 566 
Clamper, 74-76, 94 
Clamper bias, 453 
Clapp oscillator. 788 

Class A amplifier, 428-434. 455, 463, 586 
Class AB amplifier, 436. 444, 455. 463 
Class B amplifier, 435, 436, 463, 586 
Class C amplifier, 447^153, 463 
Clipper. 70 
Closed loop. 596 
Closed-loop response. 616-618 
Closed-loop voltage gain. 596. 600, 610, 

627. 697 
CMRR, 299, 315, 589, 627. 699 
Coherent light, 143 
Collector, 166, 205 

Collector characteristic curve, 173 177 
Collector current, 169, 171, 185, 559 
Collector feedback. 237, 248 
Colpitts oscillator, 785 
Common. 270 
Common anode, 135 
Common-base amplifier. 288-290. 315 
Common cathode, 135 
Common-collector amplifier. 281-288. 312 
Common-drain amplifier, 402-404, 414, 415 



Common-emitter amplifier, 268-281, 315 
Common-gate amplifier, 404-406, 414, 415 
Common mode. 297, 315, 588, 590, 

627, 697 
Common-mode input impedance, 590 
Common-mode rejection, 297, 588 
Common-mode rejection ratio (CMRR), 

299.315.589.627.699 
Common-source amplifier, 391-401 . 

414,415 
Communications circuits, 816-858 
Comparator, 646-656, 672. 682. 683, 71 1 
Compensation 

bias current. 607 

input offset voltage, 590, 608 
Complementary pair. 436 
Complementary symmetry, 436 
Conduction, 12-14 
Conduction angle. 548 
Conduction band. 8. 19. 22 
Conduction electron, 13, 16 
Conductivity, 15, 354 
Conductor, 8, 38 
Configurable analog block (CAB), 910, 

911.918.930 
Configurable analog module (CAM). 920. 

922. 930 
Configuration RAM. 918, 930 
Constant current, 68, 139 
Constant-current limiting. 876 
Constant-current region, 333 
Constant-current source. 718 
Control element, 874 
Control logic, 918 
Conventional current, 28, 168 
Conversion gain, 846 
Converter, 718 
Copper. 9 
Core. 7. 566 
Coulomb's law. 19 
Covalent bond, 10-12 
Critical angle, 566. 572 
Critical frequency, 481 , 485, 493. 506, 510, 

512, 513. 520, 736, 738, 743, 752 
Crossover distortion. 436. 437, 442 
Crowbar circuit. 544 
Crystal, 11,38.790,791 
Crystal oscillator, 790, 791 
Current, 8 

average, 912 

bias, 706 

charging. 910 

constant. 68. 139 

conventional, 28 

dark. 136 

electron, 13, 14, 19 

forward. 25. 29. 30 

holding, 533, 537. 573 

hole, 13, 14, 16, 20, 23 

input-bias, 590, 606 



input-offset, 591 

leakage, 116, 185. 196 

load, 50. 56, 69, 120. 275, 396, 877 

majority, 16, 17, 19, 140 

minority, 16, 17, 19, 140, 167 

reverse. 23,24.29.31. 135 

shunt, 878 

surge. 67 

switching. 540 

zenertest, 112, 115 
Current-controlled variable resistance, 141 
Current gain, 168. 170, 182, 280. 283. 289 
Current limiting. 21. 29. 893 
Current mirror. 438 
Current regulator, 139. 894 
Current-to- voltage converter, 719 
Current transfer ratio. 565 
Curve tracer. 196 

Cutoff. 174, 175. 185. 205. 219. 222. 335 
Cutoff frequency, 481 . 736 
Cutoff voltage, 335, 336 

D/A conversion, 661 

Damping factor, 739, 742, 746, 764 

Dark current, 136 

Darlington pair. 285 

Darlington emitter-follower, 285, 286 

Darlington class AB. 444 

Data communications. 567 

Data sheet 

diode, 68, 79-82 

LED. 133-134 

photodiode. 137-138 

transistor, 180-182. 200, 339, 360, 369. 
403,411,459,518 

varactor, 125-130 

Hsner, 115-117 
dB. 29 1 . 293. 479-483. 486. 520. 589, 61 1 
dBm. 482 

DC current transfer ratio, 565 
DC load line, 219, 249 
DC operating point. 218-224 
DC restorer. 74. 75 
DC value. 52. 56 
Decade. 486. 520 
Decibel (dB), 291, 293, 479-483, 486. 

520. 589. 61 1 
De-emphasis network. 822 
Delay angle, 548 
Demodulator, 701.850 
Depletion. 18. 353. 354. 374 
Depletion region. 17-20. 22. 1 1 1. 125, 

168,335 
Derating, 115, 117,179 
Detector, 819 
Diac, 545, 573 
Differential amplifier, 294-301, 315, 

586. 627 
Differential input. 297. 586, 588 
Differential input impedance, 590 
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Differential mode, 297. 627 

Differentiator, 669-671. 683 

Diffusion. 18 

Digital. 655 

Digital-to-analog converter (DAC), 661 

Dielectric, 125, 126 

Diode, 17-36, 38, 48-94, 7 14 

complete model. 31 

constant-current. 139 

current-regulator, 139 

four-layer, 532-535, 573 

high-intensity, light-emitting. 135 

hot-carrier, 140 

ideal model. 29 

IR-emitling, 131. 135 

laser, 143 

light-emitting, 130-135 

optical, 130-139 

photo, 135-139. 153 

pftj. 141 

practical model, 30 

rectifier, 79, 110 

Schottky, 140 

Shockley. 532-535 

step-recovery. 141 

tunnel. 142 

varactor, 125-129, 153, 842, 845 

zener, 110-124, 153 
Diode bias, 20-24, 50. 71, 73 
Diode breakdown. 26 
Diode capacitance. 125. 126. 128. 141 
Diode characteristic curve. 25-28 
Diode clamper. 74-76. 94 
Diode clipper, 70 
Diode dala sheet. 68. 79-82 

MRD821, 138 

1N5139-IN5148. 127 

1N4728 IN4764. 116-117 

1N4001-1N4007. 80-82 
Diode drop. 57, 60, 70 
Diode limiter. 70 
Diode model, 28-34 

complete, 3 1 

ideal, 29. 53 

practical, 30. 52 
Diode pin configuration, 33 
Diode rectifier, 50-62 
Diode testing, 34-36, 191 
Discrete point measurement, 759 
Discriminator, 822 
Distortion, 222. 436 
Divide circuit. 827 
DMM. 34. 191 
D-MOSFET. 353. 358. 361, 365. 372, 

397, 398 
Dominant RC circuit. 496 
Donor atom, 15 
Doping, 15. 38. 110. 1 1 1, 125, 126, 140. 

141,142.167 
Double ended, 588 



Download. 910. 925. 930 

Drain. 330. 354. 355. 374 

Drain characteristic curve, 333, 334 

Drain -lo-source resistance, 341 

Dual-gate MOSFET, 357 

Duty cycle, 702, 800, 882. 895 

Dynamic reconfiguration. 918. 926. 930 

Dynamic range, 717 

Dynamic resistance, 22, 25, 26. 31 

ECG system, 721 
Efficiency, 433, 442, 45 1 . 463 
Electric field, 19,22, 135. 168 
Electroluminescence. 130. 153 
Electromagnetic wave, 818 
Electron. 4, 38 

conduction, 13, 16 

free, 6, 9, 13, 14,17, 18,38 

valence. 6. 9. 20. 23. 167 
Electron current. 13.21. 167 
Electron-hole pair. 13. 16,23 
Electron orbil, 5 
Electron shell. 5, 6, 38 
Electrons per shell, 5 

Electrostatic discharge (ESD), 360. 445, 463 
Element. 4 
Emitter. 166,205 
Emitter current, 169, 171, 182 
Emitter bias, 235, 236 
Emitter-follower, 281, 315 
E-MOSFET, 355. 359. 362. 365. 373, 399 
Emulation of a resistor. 913. 915 
Energy. 5. 6. 8. 13, 19, 20, 22, 130. 133, 144 
Energy band, 8, 12, 13 
Energy diagram, 9. 19 
Energy gap. 8. 12.20 
Energy gradient, 20 
Energy hill, 20 
Energy level. 5 

Enhancement. 353. 354, 374. 399 
Equivalent circuit, 264-267, 269, 311. 

312,313,388,394.536,551 
Error detector, 873 
Evaluation board, FPAA. 925 
External pass transistor. 891 

Fall time, 516 
Fault analysis, 86-89 
Feedback, 249, 752 

negative, 237 

positive. 774, 775, 778. 779. 807 
FET. 328-375 

Fetal heartbeat monitoring, 705 
Fiber-optics, 565-568, 573 
Fiber optic cable. 566 
Field-effect transistor (FET), 328-375 
Field-programmable analog array (FPAA), 

910-930 
Figure of merit. 1 28 
Filter, 50. 63-68, 94 



active. 734-764 

band-elimination, 740 

band-pass. 128. 739. 751-757, 764 

band-reject, 740 

band-stop, 740. 757-759, 764, 783 

Bessel. 742 

biquad. 756 

Butterworth, 741 

capacitor, 63, 67, 87 

capacitor-input. 63-68 

cascaded, 743, 747, 750, 751 

Chebyshev, 741 

high-pass. 738. 748-751. 754. 764 

LC. 882 

low-pass. 736, 744-748. 754, 764. 
844,847 

multiple-feedback, 752, 757 

notch, 740, 783 

power supply, 63-68. 145 

RC, 736 

rectifier, 50, 63 

Sallen-Key, 745, 749 

single-pole, 745, 748 

state-variable, 754, 757 

three-pole, 743 

two-pole. 749 
Rash ADC, 654 
Flip-flop, 797 

Floating point measurement, 191, 195 
Row chart, programming. 921 
Fold-back current limiting. 877 
Forced commutation, 538 
Forward bias, 20-22, 25, 29, 38, 50, 77. 

130, 167. 175,545 
Forward-blocking region, 533, 539 
Forward-breakover voltage. 533, 539. 573 
Forward-conduction region. 533, 539 
Forward current, 25. 29, 30, 79, 133, 144 
Forward-current gain. 267 
Forward-resistance characteristic. 14 1 
Forward transconductance, 340 
Forward voltage. 25. 27 
Four-layer diode. 532-535. 573 
Free electron, 6, 9, 13. 14, 1 7, 18, 38. 167 
Frequency 

audio. 840 

break. 485. 495 

carrier, 818, 828, 832. 834. 839 

center, 739, 752, 753 

corner, 481 

critical, 48 1 . 485. 493. 506. 5 10, 5 1 2. 
513. 520. 736. 738. 743. 752 

cutoff 481,736 

difference, 829, 832, 838. 839 

fundarnenial.450,791 

half-power, 510 

intermediate, 8 1 9. 822, 837 

lower-side. 818. 830. 834, 837 

radio, 190,819,821 

rectifier, 65 
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Frequency, (ami.) 

resonant. 128, 450, 786. 789 

sum. 829. 832. 838. 839 

3 dB, 737, 738 

unity gain, 51 1 

upper side. 818, 830, 834, 837 
Frequency convener. 835 
Frequency demodulation. 843. 850 
Frequency measurement. 514-516 
Frequency modulation (FM). 820, 

841-843, 857 
Frequency multiplier, 450 
Frequency response. 474—520, 593, 614. 

736-740, 759-761 
Frequency spectra, 830, 837 
Full-wave average value. 56 
Full-wave rectifier, 55-62, 86-87. 94 
Function generator, 793 

Gain, 196.205,706 

current. 168. 170. 182. 280. 283. 289 

midrange. 480. 520. 610 

power, 28 1 , 284. 289, 3 10, 312, 
313,430,463 

voltage. 272, 273. 282. 289, 291 , 293. 
310. 312, 313. 388. 389, 390, 394. 
396. 402, 405. 486. 589. 697. 705. 
775, 845 
Gain-bandwidth product. 51 1. 617, 627 
Gain-setting resistor. 696 
Gain stability, 276 
Gallium, 16 

Gallium arsenide. 131, 143 
Gallium arsenide phosphide, 131 
Gallium phosphide. 131 
Gang tuning, 820 
Gate, 330, 374, 536 
Gate trigger current, 539 
Germanium, 8, 10, 142 
Global routing. 910 
Gold, 8 

Graphical analysis. 219, 263, 346. 349, 392 
Ground. 361 

Half-power point, 5 1 

Half-splitting, 84. 302 

Half-wave average value. 52 

Half- wave power control. 54 1 

Half-wave rectifier, 50-55. 86. 94 

Harmonic. 818 

Hartley oscillator, 789 

Heat dissipation, 428 

Helium, 5 

Heterodyne, 819 

High-frequency response, 499-5 1 2 

Holding current, 533, 539, 573 

Hole. 13,38, 167 

Hole current. 13. 14, 16. 20, 21, 23 

Host processor, 9 1 8 

Hosted operation, FPAA, 925 



/i-parameters, 266. 267 
Hydrogen, 5 

Hyper-abrupt device. 128 
Hysteresis, 649, 683, 71 1 

IC package, 584 

IGBT (insulated-gate bipolar transistor), 

557, 573 
Impedance 

input, 585. 603, 604 

output, 585, 591, 603, 604 

tener. 112, 115, 117,119, 121, 146 
Impurity atom 

pentavalent. 15 

trivalent. 16 
Incoherent light, 143 
Index of refraction, 566, 573 
Indium. 16 
Infrared, 131 
Inner-shell electron, 6 
Input bias current, 590. 606 
Input capacitance, 341 
Input impedance. 590, 601. 603, 604 
Input line voltage, 69, 870 
Input offset current. 591 
Input offset nulling. 593 
Input offset voltage, 590. 608 
Input regulation, 69. 94. 1 17. 870. 

873, 900 
Input resistance, 225. 270, 271, 283, 285, 
289. 310, 311,312. 313, 341. 396, 
403. 405, 443 
Instrumentation. 696 
Insulated gate, 353, 354 
Insulator. 8. 38 

Integrated circuit regulator. 886-896 
integrator, 666-668, 683, 755 
Interbase resistance, 55 1 
Intermediate frequency (IF), 819, 822, 

837, 838 
Internal resistance, 182. 262, 388 
Internal transistor capacitance, 477, 505 
Intrinsic crystal, 1 1 
Intrinsic region, 141 
Intrinsic semiconductor. 8. 13 
Intrinsic standoff ratio. 552, 573 
Inversion. 277. 282 
Ion 

negative, 6, 22 

positive, 6. 22 
Ionization, 6, 38 
Irradiancc. 133, 136 
Isolation amplifier, 701-705 
Isolation barrier. 701 
Isolation voltage, 564 

JFET stabilized oscillator, 781 
Junction field-effect transistor (JFET), 

330-352, 364, 372, 374, 392, 780 
Junction temperature, 1 14 



Kelvin. 713 

Kirchhoff \s voltage law, 77 , 1 7 1 , 22 1 . 233, 

235. 602 
Knee. 25 

Udder, RI2R, 661 

Large-signal amplifier, 428 

Large-signal voltage gain. 589 

LASCR (light-activated SCR). 562. 573 

Laser, 143. 153 

Laser diode, 143 

Latch-up, 558 

LDMOSFET, 356 

Lead circuit, 476 

Lead-lag circuit. 778 

Leakage current. 116. 185, 196 

Leaky capacitor. 88 

LED trigger current, 565 

Light emission, 1 3 1 

Light-emitting diode (LED), 130-135, 

153, 186.563.564 
Lighting system, 543 
Light intensity, 133, 135 
Light propagation, 566, 567 
Light reflection. 566 
Light refraction. 566 
Limiter, 69-74. 94, 123. 822 

negative. 72 

positive, 7 1 
Linear. 174, 205, 221, 249, 717, 822 
Line regulation. 69. 94, 870, 873. 900 
Load, 50, 69. 120, 121, 275, 292, 396, 

786. 871 
Load line 

ac. 263. 392.429.438 

dc, 174.219,347,352,429 
Load regulation, 69, 94, 87 1. 900 
Local oscillator. 819, 821, 835, 839 
Local routing, 910 
Lock range, 848. 858 
Logarithm, 712,713 
Look-up table (LUT), 918, 919, 930 
Lower trigger point (LTP), 650, 793 
Low-frequency response, 483-499 

Majority carrier, 16. 17, 19, 140 
Maximally flat response. 744 
Mean square circuit. 828 
Midpoint bias, 345 
Midrange, 480. 610 
Midrange gain, 480. 520 
Miller capacitance, 478. 479 
Miller's theorem. 478. 479. 500. 505 
Minority carrier, 16, 17, 19, 140. 167 
Mixer, 819. 822, 834-837. 858 
Modulator, 702. 710 
Monochromatic light, 1 43 
MOSFET, 352-366. 374, 557 
MOSFET handling precautions, 360 
Multimode graded index, 567 
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Multimode step index, 567 
Multiplier, 76. 822-828, 830, 835 
Multiplier transfer characteristic. 823 
Multistage amplifier, 291 294. 512-514 
Multistage gain. 293 
Multivibrator, 798 

Natural logarithm, 7 1 3, 725 

Negative charge, 4, 6 

Negative feedback, 237. 594-605. 616. 627 

Negative ion. 6. 22 

Negative resistance, 142. 552 

Neutron, 4 

Noise. 649 

No latchup. 593 

Nonzero level detector, 647 

Normalize, 480 

AV-type semiconductor. 15. 17,28 

Nucleus, 4 

Octave, 486 

Offset adjustment, multiplier. 826 

Offset voltage. 608. 826 

Offset voltage compensation. 608 

Ohmic area, 333 

Ohm's law, 30, 112, 142,438 

Ohms function of a DMM. 36, 194 

On-lhe-fly reconfiguration. 926 

Open capacitor. 88 

Open diode. 86. 145. 193 

Open-loop bandwidth. 61 1 

Open-loop gain, 589, 600, 610. 617, 627 

Open-loop response. 609-6 16 

Operational amplifier (op amp), 582-627, 

644-683 
Operational transconductance amplifier 

(OTA). 705-712, 725 
Optical coupler. 563 
Optical diode, 130-139 
Orbit, 5 

Order, filter. 742 
Oscillation. 142, 775, 776, 779 
Oscillator, 772-807 

Armstrong, 790 

Clapp. 788 

Colpitts. 785 

crystal. 790. 791 

feedback, 774, 775-792, 807 

555 timer, 797-802 

Hartley, 789 

LC feedback. 784-792 

local, 819. 821, 835. 839 

phase-shift, 782 

RC feedback, 777-784 

relaxation, 535. 553. 775, 
792-797, 807 

sawtooth, 774, 794 

square-wave, 796 

triangular-wave, 792, 793 

twin-T, 783 



voltage-controlled (VCO), 794. 802, 
807, 842, 845. 849, 850, 854 

Wien-bridge, 777 
Oscillator start-up. 776. 779, 785 
Oscilloscope, 924, 925 
OTA, 705-712, 725 
Out-of-range indication of a DMM. 36 
Output bounding, 651, 652 
Output impedance. 585, 591. 602, 

603,604 
Output power. 43 1 . 442. 450 
Output resistance, 271, 283, 289, 315 
Overload protection, 876, 877 
Overshoot. 741 

Over-temperature sensing circuit. 654 
Overtone. 792 
Over- voltage protection. 544 

Parabolic. 338, 359 

Parallel resonant circuit. 142, 786 

Parasitic thyristor, 558 

Parasitic transistor, 558 

Passband, 736 

Pass transistor, 873 

Peak detector, 720 

Peak inverse voltage (PIV), 54-55, 58, 59, 

61.94 
Peak operating voltage (POV), 140 
Peak-to-peak value, 182. 263 
Peak value. 52, 54. 182 
Pentavalent impurity atom, 15 
Percent regulation, 69 
Phase angle, 493, 506, 844 
Phase control, 548 
Phase detector, 844, 847 
Phase error, 845, 846, 847 
Phase inversion. 277, 396 
Phase-locked loop (PLL). 843-85 1 , 858 
Phase response, 614 
Phase shift, 487, 489, 502, 613, 627, 

776, 782 
Phase-shift oscillator. 782 
Phosphorous. 15 
Photodariington, 560, 563 
Photodiode, 135-139, 153 
Photon, 130.143 
Photosensitive, 559 
Phototransistor, 559-562, 573 
pH sensor. 366 
Piezoelectric effect, 790 
Pinch-off voltage. 333, 336, 374 
PAN diode, 141 
PIV. 54-55,58,59,61,94 
PLL, 843-851. 858 
PN junction. 17, 18, 19, 22, 23, 25, 28, 38, 

126, 135. 142. 143. 330. 341. 397 
Point of measurement. 195 
Pole, filter, 736, 742. 764 
Positive feedback, 774, 775, 778, 779, 807 
Positive ion, 6, 22 



Potential difference, 19 

Power, 115 

Power amplifier. 426-463, 819, 822, 840 

Power derating, 115, 117, 179 

Power- dissipation, transistor, 178. 428, 448 

Power gain, 281, 284, 289, 310, 312, 313, 

430, 463 
Power measurement, 482 
Power MOSFET. 355 
Power supply, 50. 63, 94, 145, 872 
Power supply filter. 63-68 
Power supply rectifier, 50-62 
Power transistor, 188, 355 
Priority encoder. 655 
Programmable analog array, 908-930 
Programmable unijunction transistoi 

(PUT), 555-557. 573. 794 
Programming, 919-926 
Proton, 4. 38 

P-type semiconductor, 15, 16. 17, 28 
Public address system, 305 
Pulse, 592 

Pulse-width modulation, 702 
Push-pull amplifier. 434. 436. 440. 444, 

463, 586 
PUT, 555-557, 573,794 

Q (quality factor), 1 28, 739. 753, 755 
Q-point, 218, 249. 263, 266. 344. 351. 

392. 428, 429, 435 
Q-point stability, 233, 236. 238 
Quadrant, multiplier. 822. 857 
Quadratic, 393 
Quartz, 790 
Quiescent power, 43 1 

Radian. 52 
Radiant intensity, 133 
Radiation, 132 
Radiation pattern, 132 
Radio frequency (RF). 190, 821 
Ramp. 667 

RC circuit. 74. 484. 487. 488. 489. 492. 
494. 496. 500. 502. 505, 507, 611. 
612, 613, 614, 666, 736, 755, 777 
Receiver. 818-822 
Recombination, 13 
Rectifier, 50-62 

bridge. 60-62. 93 

center- tapped. 57, 58. 93 

full-wave, 55-62. 86-87, 94 

half-wave, 50-55, 86, 93, 94 

transformer-coupled, 54 
Rectifier diode, 79, 110 
Reflection, 566 
Refraction. 566 
Regulation 

current, 139, 894 

line. 69, 94. 870. 873. 900 

load, 69, 94, 871, 900 
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Regulation, (conl.) 

voltage, 69. 870-900 

zener. 111, 145 
Regulator, 50. 68-69. 94. 868-900 

adjustable. 888 

linear, 873, 888, 900 

series, 873- 878 

shunt, 878 881 

switching, 881-886. 890. 900 
Regulator current, 139 
Relaxation oscillator, 535, 553, 556. 775, 

792-797,807 
Relay. 561 

Resonant frequency, 785 
Reverse bias, 22-24, 26. 29. 38, 1 1 1, 125, 

135, 167,330.342 
Reverse-blocking region. 539 
Reverse breakdown, 23. 1 1 1. 174. 539 
Reverse current, 23. 29, 32. 1 16, 135, 

136, 137 
Reverse resistance, 31 
Reverse voltage, 22. 54, 111 
Ripple factor, 65 
Ripple rejection. 68 
Ripple voltage. 63. 64. 66. 94 
Rise time, 516 
RMS, 182 

Roll-off, 486, 520, 617, 736, 743, 764 
r,,' formula, 266 
/■-parameter, 265, 315 
r-paranieter equivalent circuit. 265 

Sallen-Key filter. 745. 749 

Sampling rate. 655 

Saturation, 174, 175, 184, 185,205,219, 

222. 438. 439, 595 
Sawtooth waveform, 774. 794 
Scale factor. 824 
Scaling adder, 660 
Scattering. 566 
Schmitt trigger, 651, 683, 71 1 
Schottky diode, 140 
SCR, 535-544. 573 
SCS, 549-550. 573 
Security alarm system, 197 
Selectivity, 739 

Self-bias. 342-348, 364. 391. 404 
Semiconductor, 2 38, 131 

//-type. 15. 17. 28 

p-type, 15. 16. 17.28 
Sensitivity. 137 
Series regulator, 873-878 
Seven-segment display, 135 
Shadow RAM, 918. 930 
Shell, 5, 6, 38 
Shock hazard. 54 
Shockley diode. 532-535 
Short circuit protection, 68, 593, 876. 878 
Shorted capacitor. 88 
Shunt regulator, 878-881 



Signal, 270, 394 
Signal compression, 717 
Signal generator, 924 
Signal tracing. 302 
Silicon. 8, 9, 10,11.38 
Silicon-controlled rectifier (SCR), 

535-544, 573 
Silicon-controlled switch (SCS), 

549-550, 573 
Silver, 6 
Simulation. 910 
Simultaneous ADC. 654 
Single-ended. 2%, 588. 627 
Single-mode step index, 567 
Single-pole filter, 745, 748 
Slew rate. 592, 627 
Software, FPAA development, 

920-926. 930 
Source, 330, 353. 355. 374 
Source-follower, 402. 414 
Source resistance, 390 
Spectral response, 1 3 1 
Spectrum analyzer, 761 
Square law. 338. 358 
Square root circuit, 827 
Squaring circuit, 826 
Stability, 229. 276. 351 
Stage, 291, 743 
Stand-off ratio, 552, 573 
Start-up conditions, oscillator, 776, 779, 785 
Static charge. 360 
Static phase error, 846 
Step, 514 

Step-down regulator, 88 1 
Step-recovery diode, 141 
Step response. 514 
Step-up regulator. 883 
Steradian, 133 
Stereo, 76 1 
Stopband, 736 
Summing amplifier. 657-665. 674. 682. 

683. 755, 832. 833 
Superheterodyne. 819. 821 
Suppressed-carrier modulation, 831 
Surge current. 67 
Surge-limiting resistor, 67 
Swamping. 276, 277. 311 
Swept frequency measurement, 760 
Switch matrix. 918 
Switch, transistor. 184-187. 550. 914 
Switched-capacitor technology, 

910-916. 931) 
Switching current, 533 
Switching regulator, 881-886, 890. 

895,900 

Tank circuit. 142. 450 

Television. 75. 128 

Temperature coefficient. 114, 117, 128 

Temperature control system, 243 



Temperature effect on a diode, 27 

Temperature stability. 238 

Temperature-to-voltage conversion, 243 

Test point, 84 

Thermal overload, 888. 893. 900 

Thermal runaway, 438 

Thermal shutdown. 68 

Thermistor. 243, 654 

Thevenin's theorem, 229, 489 

3 dB frequency, 739 

Three-terminal regulator, 68. 887-890 

Threshold voltage. 359, 558. 71 1. 798 

Thyristor, 532-550, 573 

Tickler coil, 790 

Time constant, 64. 74. 794 

Timer. 797-802 

TMOSFET, 356 

Transconductance. 340. 374. 388. 706. 

708, 725 
Transfer characteristic, 337-339, 358. 

359, 823 
Transfer gain. 565 
Transformer, 58, 88 

step-down. 54 

step-up. 54. 58 
Transformer coupling, 436, 703 
Transistor 

bipolar junction (BJT), 164-205, 219, 
230. 483 

external pass, 873 

junction field-effect (JFET). 330-352. 
364. 372, 374, 392. 780 

metal-oxide-semiconductor field-effect 
(MOSFET), 352-366, 374, 557 

switching, 184 187 

unijunction, 551-555. 573 
Transistor amplification. 180. 205. 

262-264,388-391 
Transistor capacitance. 477 
Transistor currents, 168, 169, 204 
Transistor data sheet 

2N3903/2N3904. 180-182. 518 

2N3946/2N3947. 200 

2N3796/2N3797.369.411 

2N5457/2N5459, 339 

2N5460, 403 

2N7008. 360 

2N6040/2N6043.459 
Transistor equivalent circuit, 264-267, 

388-391 
Transistor packaging. 187 190 
Transistor ratings. 1 78—1 80 
Transistor terminals, 187-190 
Transistor tester, 194 
Transistor voltages, 204 
Transition current, 23 
Transition region, 736 
Triac. 546. 573 
Triangular waveform. 793 
Trigger, 536, 546, 711,798 
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Trigger current, 540 
Trigger point, 650, 7 12, 793 
Trigger voltage, 556 
Trigonometric identity. 830 
Trivalent impurity atom, 16 
Troubleshooting. 83-89, 94, 144-146, 

190-197, 239-242, 301-305. 

364-366. 406^*09. 454-456, 

619-621,671-676 
Tuned circuit, 128. 449, 839 
Tuner, 128 
Tuning capacitor, 79 1 
Tuning ratio, 126 
Tunnel diode. 142 
Tunis ratio, 54. 57 

Uniju nction transistor fUJT). 55 1 -555. 573 

Unity gain. 657. 779 

Unity-gain bandwidth. 61 1. 617 

Unity-gain frequency. 51 1 

Upper trigger point (UTP). 650, 793 

Valence band, 12. 13. 14. 19 

Valence electron, 6. 9. 20. 23, 167 

Valence shell, 6, 38 

Varactor, 125-129, 153, 842, 845 

Variable reactance, 845 

VCO, 794, 802, 807, 842, 845. 849. 850, 854 

VI characteristic of a diode, 24-28, 38. 1 10 

Virtual ground. 599, 652, 661, 666. 667, 669 

VMOSFET, 356 



Voltage 

bias, 20, 22, 21 8 

breakdown. 23. 111. 174. 539 

cutoff. 175. 174, 176, 219. 335. 336, 435 

forward, 25 

output, bridge rectifier, 60 

output, center-tapped full-wave 

rectifier, 57 
pinch-off, 333, 336, 374 
primary. 54, 58 
reverse. 23, 54 
secondary, 54 

threshold, 359, 558,711,798 
Voltage-controlled BJT 558 
Voltage-controlled oscillator (VCO), 794, 
802. 807, 842, 845, 849. 850, 854 
Voltage-controlled voltage source 

( VCVS), 745 
Voltage-current characteristic, 24-28. 1 10 
Voltage divider, 73. 225. 798 
Voltage-divider bias, 73, 224-232, 239, 

263,310,348-352 
Voltage doubler. 77-78 
half-wave, 77 
full-wave, 77-78 
Voltage-follower. 598, 603, 607, 620, 

625, 627 
Voltage gain. 272, 273. 282. 289, 291, 293, 
299. 3 10, 31 1, 312. 313, 388, 389. 
394. 396. 402. 405, 486, 585, 610, 
699, 704, 776, 845 



Voltage gain stability, 276 
Voltage-inverter regulator, 885 
Voltage multiplier. 76-78. 822-828 
Voltage quadruples 78 
Voltage reference, 647 
Voltage regulator, 50. 68-69, 86R-90O 
Voltage-to-current converter, 719 
Voltage tripler, 78 

Waste water neutralization system, 366 
Waveform distortion. 222 
Wavelength. 131, 137, 138 
Weight, 660 
Wheatstone bridge. 654 

Zener breakdown. 111. 153 

Zener current. 116. 117. 120 

Zener diode. 110-124, 145. 153,651.652, 

779, 826 
Zener equivalent circuit, 1 1 2 
Zener impedance, 112, 115, 117, 119, 

121, 146 
Zener limiting, 123 
Zener power dissipation, 1 15 
Zener regulation. 111, 1 17-122 
Zener test current, 1 12, 1 15 
Zener voltage, 115, 120 
Zero bias, 25, 397 
Zero-level detector, 646 



